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Data storage is of great importance to our life and information technology. Magnetic disk 
drive is the most important data storage device. Disk drive’s performance is measured by 
its storage capacity or areal density. One of the most critical and effective approaches in 
increasing areal density is to further reduce the spacing between data read/write 
transducer and data storage disk media. This spacing is normally referred to as fly-height 
of the read/write head over data storage disk media. Furthermore, fly-height testing and 
control are of crucial importance for quality and robustness control in disk drive 
manufacturing process. Therefore, accurate measurement of the fly-height is of great 
importance for the design and quality control of current magnetic data storage systems  
 
Optical fly-height technology based on three-wavelength interferometry has been the 
industry standard for flying height analysis. System calibration is required prior to 
determine the fly-height. In the state-of-the-art fly-height tester, a load/unload actuator is 
utilized to unload the slider from the disk so as to conduct parametrical calibration of that 
particular testing process. Interference patterns are generated when the slider is moving 
away from the disk. The first-appeared interference peak value Icalmax and valley value 
Icalmin are then used for system calibration. Experimental work presented in this thesis 
shows that the cutoff frequency of photodetectors, the bandwidth of optical filters and the 
fringe bunching effect distort the maximum and minimum interference intensities. As a 
result, the fly-height measurement becomes underestimated. A compensation scheme on 






Further experimental investigations indicate that the proposed compensation scheme is 
effective in terms of improving the calibration accuracy, and therefore the accuracy of 
fly-height measurement. 
 
Two new calibration methods are proposed for system calibration to avoid the need of 
falloff compensation. One method is to use the glass disk intensity together with Icalmax, 
and the other is to utilize a calibration disk. Testing results confirm that the accuracy of 
fly-height measurement is improved by the proposed two methods. 
  
The complex indices of refraction for the slider, air and the glass disk must be known to 
compensate for the material phase change on reflection. Due to the nature of the slider 
material, it is a big challenge to determine the complex index of refraction for the slider 
(ns-jks). Algorithms are proposed to determine the effective refractive index of the slider 
based on the percentage composition of the materials that form the slider. The effective 
medium theory, which is making use of the Maxwell Garnett formula, and the effective 
complex reflectivity are discussed in details. A modified algorithm that considers the 
effect of the Si adhesion layer and the DLC overcoat is also proposed.  The method for 
in-situ determination of the effective optical constants of the slider is proposed for fly-
height measurement using on-spot calibration. For the fly-height measurement using 
point-substitution calibration, the other method called ‘pseudo-large-spot’ is proposed to 
reduce the error in the fly-height measurement. Experimental results confirm the 
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In today’s information explosion era, hard disk drives (HDDs) have become the most 
important sources of non-volatile storage. In fact, every desktop computer or server in 
use today contains one or more HDDs. Every mainframe and supercomputer is normally 
connected to one or more than one disk arrays which consist of hundreds of disk drives. 
HDDs are already used in hand held computers and portable MP-3 players, and they are 
expected to be incorporated into many other portable devices in the very near future.  
 
The demand on the storage capacity is increasing continuously while the hard disks 
continue to shrink in size for new applications. The areal density, which is the amount of 
data stored in one square inch of disk media, is a traditional measurement for disk drives 
as it determines the hard disk capacity and ultimately price per unit of capacity. 
Therefore, engineers have been pushed to continuously improve the performance of 










1.1 Evolutions of Hard Disk Drive 
 
Since the first magnetic hard disk drive was introduced 50 years ago, drives have 
undergone rapid evolutions in magnetic, electronic and mechanical technologies. These 
evolutions have yielded higher-capacity, higher-performance, smaller-form-factor and 
lower cost hard disk drives.  
 
Although the fundamental architecture of disk drives has changed very little in the years 
since their introduction, the geometric size of drives and cost per unit capacity have been 
reduced significantly. The first HDD appeared in 1956 was brought in by IBM’s research 
laboratory in San Jose [1]. This HDD consisted of 50 platters, 24-inch diameter, with a 
total capacity of 5 MB, a recording density of about 2 kb/in2, and data transfer rate of 70 
kb/s [2]. It cost $35,000 annually in leasing fees and was twice the size of a refrigerator. 
In 1960’s, HDDs typically measured 14 inches in diameter and they continued to shrink 
in size, gained increased storage capacity. In 1990, a prototyped HDD with an areal 
recording density of 1 Gbit/ in2 announced by IBM set a milestone. Since then, storage 
capacity has been increasing at a compound annual growth rate of more than 60%. As of 
December 2002, a typical 3.5-inch form factor HDD could store as much as 80 GB in one 
disk platter with a tremendous data transfer rate of 160 MB/s [3]. For the smaller size 
HDDs, it is projected that a 2.5-inch form factor HDD would double its storage capacity 
to 360 GB by this year [4]. The price of HDD has also reduced considerably, with the 




first PC HDD of 10 MB costing over $100 per MB to HDD of tens GB costing less than a 
cent per MB nowadays.  
 
Figure 1.1 shows the evolution of IBM hard disks over the past 15 years. Several 
different form factors are illustrated, showing the progress that they have made over the 
years in terms of capacity, along with projections for the future. The increase in areal 
density makes it possible of introducing small form factor disk drives while increasing 
the capacity for magnetic data storage.  
 








1.2 Structure and Operation of Hard Disk Drive 
 
The basic structure of HDDs is shown in Figure 1.2. A hard disk drive consists of two 
major mechanical components. One is the data storage area, normally aluminum or glass 
platters with a magnetic coating, which are mounted on a central spindle motor. The other 
is the read-write head assembly, which includes an actuator arm that moves the head over 
the full width of the data platters. For the read-write head assembly, the read-write heads 
are attached to the end tip of an air-bearing slider, which is mounted at the end of a 
suspension. The rapid spinning of the disk creates a thin air cushion between the air-
bearing surface (ABS) and the disk surface. This aerodynamic property allows the slider 
to fly above the surface and make a slight angle with the disk level. The bottom of the 
read-write heads defines the smallest distance toward the disk surface. This distance must 
be small to achieve high-density recording.  
 
The actuator is a very important part of the hard disk, because changing from track to 
track is the only operation on the hard disk that requires physical movement. The actuator 
uses a device called a voice coil motor (VCM) to move the head arms in and out over the 
surface of the platters, and a closed loop-feedback system to dynamically position the 
heads directly over the data tracks. The voice coil works using electromagnetic attraction 
and repulsion. When a current is fed to the coil, an electromagnetic field is generated that 
causes the heads to move in or out. By controlling the current, the heads can be told to 
move in or out precisely.  




In a typical operation, the HDD electronic circuits receive control commands from the 
host computer and the control signals are processed in the on-board DSP. The actuator on 
receiving the control signal will then move and locate the read-write heads to the target 
locations on the disks for the read/write process to take place. During this process, the 
position error signals (PES) and the track numbers are read from the disk for feedback 
control. 
 
Figure 1.2 Components inside a hard disk drive [5] 
 
1.3 High Density Recording and Key Factors for Achieving 
High Density 
 
One of the major evolutions in magnetic recording has been the continuous effort to 
achieve higher recording areal densities to meet the tremendous demand of data storage. 




The areal density continues to increase at a rate of 60% per year and even exceeds some 
of the optimistic predictions of a few years ago. Densities in the lab are now exceeding 
100 Gbits/in2, and modern disks are now packing as much as 100 GB of data onto a 
single 3.5" platter. 
 
Signal amplitude, overwrite capability and pulse width (PW50) are three factors that limit 
the areal density. High areal density can be only achieved with the success in increasing 
the signal amplitude and the overwrite capability and meanwhile reducing the pulse 
width. A narrow pulse width allows the fields created during the write process, and 
subsequently read, to be focused into a smaller space as areal density increases. 
Generally, this is accomplished by reducing the head-disk spacing and media thickness 
based on physical spacing laws. Over the years, the head-disk spacing has dropped from a 
few mm to less than 10 nm. Figure 1.3 illustrates the recent head-disk spacing history and 
the projection in the near future for areal density leader in magnetic recording industry.  
 
Figure 1.3 Physical spacing evolutions in HDDs [6] 




1.4 Fly-Height Definition and Importance of Fly-Height 
Measurement 
 
Magnetic spacing is often used in the derivation of areal density for the HDDs and it can 
be visualized as shown in Figure 1.4. Magnetic spacing is the effective distance between 
the magnetic recording head and medium, includes such factors as the physical spacing, 
recession of the head pole tip, thickness of the DLC film on the head surface and the 
thickness of the carbon and lubricant overcoats on the disk surface. The thickness of the 
medium also effectively adds to this magnetic spacing, which is an important reason in 
keeping the magnetic medium thickness relatively thin.  Fly-height is one of the factors 
that contribute to the magnetic spacing. It is sometimes referred as clearance, which is the 
distance from the mean plate of the slider surface to the mean plate of the disk surface. 
Based on this definition, a glass disk can be used to replace the magnetic disk for fly-






























The fly-height has been reduced from about 200 nm to less than 10 nm in just 10 years 
(year 1992-year 2002), and the trend is to further reduce it to 5 nm and even lower. 
Although it is very desirable to reduce fly-height for the increase of areal density, 
unwarranted fly-height reduction can result in head/disk contact during operation, 
consequently deteriorating the head/disk interface tribological performance and 
reliability.  Thus, manufacturers of HDDs typically measure the fly-height of all HGAs 
before assembling them into drives in order to avoid reworking drives after assembly 
when they do not meet specifications. It is, therefore, necessary to make repeatable and 
accurate ultra low fly-height measurements to comply with the design target. 
 
1.5 Fly-Height Measurement Methodologies 
 
The continued drive towards contact recording and low fly-height in the hard disk 
industry leads to ever increasing demands for characterization of the head disk interface. 
Many ingenious methodologies have been employed to measure the fly-height as 
accurately as possible. The fly-height measurement technologies can be separated into 
two classes based on their measurement principles. They are well known as the electrical 
and optical methods.  
 
Electrical measurement methods include those reading process based and writing process 
based techniques. PW50 method [7], all “1” harmonic method [8] and triple harmonic 




method [9] are reading process based methods while the carrier erasure current method 
[10] and scanning carrier current method [11] are writing process based methods. The in-
situ electrical measurement methods are good at characterizing the head-disk interface 
and variation in fly-height during the read/write process instead of estimating the absolute 
fly-height. Therefore, the electrical measurement methods need further improvement for 
absolute fly-height testing. 
 
The only feasible approach to measure the absolute fly-height accurately in the 
nanometer region is to make use of the optical interferometry. In fact, since the computer 
peripheral industry capitalized on the application of air-bearing concept in storage 
devices in 1950’s, optical interferometry technique has been the major means for 
measuring the fly-height. The optical technique has been unceasingly refined along with 
the decreasing in fly-height to improve its accuracy. Fly-height testers based on 
polarization interferometry [12]-[23], which utilizes the two polarization states of light 
with an oblique incident angle below the critical angle, and normal incident 
interferometry [24]-[27] are the two types of testers that are commercially available. 
Polarization induced birefringence introduces undesirable error to the fly-height 
measurement and this error is hardly eliminated. Therefore, it is not advantageous to 
measure the fly-height using polarization interferometry. Due to this reason, the 
birefringence free normal incident interferometry is considered to be the best choice for 
fly-height measurement. The three-wavelength interferometric fly-height tester, which is 




based on the normal incident interferometry, is considered to be the state-of-the-art soon 
after it was introduced in year 1992. 
 
1.6 Challenges for Fly-Height Measurement and 
Organization of Thesis 
 
In optical fly-height testers, a rotating glass disk is used instead of the magnetic disk. The 
spacing between the slider and the disk modulates the resultant interference light 
intensity, and the fly-height can then be derived from the intensity measured. The fly-
height tester includes an optical system that functions as a microscope and optical 
interferometer. The optical system comprises photodetectors that convert the light 
intensities into electrical signals and optical components like lenses and beam splitters. 
The photoelectric conversion efficiency and the gain of photodetectors are not clear. The 
amount of light that reflects from the optical components and from top surface of the 
glass disk is unwanted. It is difficult to estimate this amount of unwanted light intensity 
and to determine the photoelectric conversion efficiency and the gain of photodetectors. 
Therefore, some calibration means are needed to calibrate the fly-height tester.  
 
In the state-of-the-art fly-height tester, a rotatory arm is used to move the slider away 
from the disk when the disk is rotating. Interference patterns are generated when the 
slider is moved away from the disk. The photodetectors capture the interference patterns, 




the first-appeared interference peak value Icalmax and valley value Icalmin are then used for 
calibration to remove the ambiguous factors mentioned. However, the calibration method 
itself induces undesirable effect in the interference patterns.  Therefore, the accurate 
determination of Icalmax and Icalmin is a challenge.  
 
The complex indices of refraction for the slider, air and the glass disk must be known to 
compensate for the material phase change on reflection. The indices of refraction for air 
and the glass disk are easy to be determined as they can be considered as homogeneous 
materials for the fly-height measurement. Due to the nature of the slider material, how to 
determine the complex index of refraction for the slider (ns-jks) becomes the other 
challenge. 
 
As the fly-height is reduced to nanometer level (<10 nm), the calibration accuracy and 
the precise determination of the complex index of refraction of the slider become more 
and more critical. The error in fly-height, FH∆ , is proportional to the error in the 
measured Icalmax, Icalmin, ns and ks, i.e., ( )sscalcal knIIfFH ∆∆∆∆∝∆ ,,, maxmin . 
scalcal nII ∆∆∆ ,, maxmin  and sk∆  are the respective errors in Icalmax, Icalmin, ns and ks.. To 
minimize the error in the fly-height measurement, we have to eliminate 
scalcal nII ∆∆∆ ,, maxmin  and sk∆ . 
 




The background of the research work and an overview of the development of magnetic 
hard disk drives have been given in this chapter. The fly-height measurement 
methodologies are briefly introduced. Main challenges of accurate fly-height 
measurement are stated. In the rest chapters of this thesis, effort will be concentrated on 
the study of existing optical fly-height testing methodologies and to explore new 
methodologies that can solve the potential problems mentioned. The thesis structure for 
the rest chapters is summarized as below. 
 
Chapter 2 gives a detailed review and analysis of possible optical fly-height testing 
technologies for fly-height measurement in current and future hard disk drive 
manufacturing. The working principles, merits and demerits of the optical fly-height 
testing technologies are explained. It is concluded that the normal interferometry, which 
uses three wavelengths to estimate the fly-height, is so far the best solution for the fly-
height testing. 
 
Chapter 3 describes several main sources of errors in the fly-height measurement using 
the state-of-the-art optical fly-height testing method. Quantitative discussion of the 
different sources of error that affect the fly-height measurement is given to estimate their 
contribution to the final error. Experimental results are given to support these estimations. 
 




Chapter 4 tries to remove some sources of error that have been stated in chapter 3. 
Calibration falloff has been proved to cause diminished offset to the fly-height 
measurement. In this chapter, the compensation scheme for the calibration falloff due to 
the finite bandwidth of the optical filter will be discussed in details. 
 
Chapter 5 explores the possible calibration methods that can eliminate the need for 
calibration falloff compensation. Two calibration methods that can calibrate the fly-
height tester more accurately than the traditional unload calibration method without any 
falloff compensation are described in this chapter. Experimental results are presented to 
demonstrate the feasibility of these methods. 
 
Chapter 6 proposes some algorithms to improve the accuracy of fly-height measurement 
due to the effect of index of refraction of the slider. ‘Calibration slider’ and ‘pseudo-
large-spot’ methods are proposed to reduce the error in fly-height measurement due to the 
granular structure of the slider 
 

















Over the 50 years, the fly-height has been reduced from a few mm to less than 10 nm. 
Meanwhile, different optical approaches have been investigated to adapt to the decreasing 
in the fly-height along the development in the HDDs. All these optical approaches can be 
classified into three generations. The Monochromatic dark and bright fringes counting 
technique [28] is belonging to the first-generation technology. It was implemented in year 
1963 when the fly-height was still in the mm range. In year 1972 when the fly-height was 
in the µm range, the white light color fringes counting technique [29] was implemented. 
The white light technique surpassed the monochromatic technique and became the 
second-generation technology. The first- and second-generation technologies utilized the 
interference pattern and did not utilize the resultant interference intensity. However, in 
the beginning of the 1990’s, the fly-height had been reduced to about 100 nm and it was 
foreseen that the fly-height would be in tens of nm soon. In the range of tens of nm, the 
interference pattern can be no longer identified. The intensity information discarded by 
the first- and second-generation technologies must be used. The intensity-based 




techniques are belonging to the third-generation technology. The intensity-based three-
wavelength interferometry set the milestone for the third generation.  
 
The reduction in the fly-height is so fast that the third-generation technology is 
insufficient to provide enough measurement accuracy when the fly-height is in the sub-10 
nm range. Great attention has been put into analyzing the factors which lead to this 
insufficiency and searching for solutions. Some solutions have been proposed in some 
literatures. Therefore, in the rest sections of this chapter, the evolution of the optical fly-
height measurement technologies and the solutions proposed are reviewed. 
 
2.2 Evolution of Optical Fly-Height Measurement 
Technologies 
2.2.1 Monochromatic Dark and Bright Fringes Counting Technique 
The operating principle of monochromatic dark and bright fringes counting technique is 
very straightforward.  To simulate the operation of a HDD, a mechanism loads the slider 
onto a rotating glass disk. A monochromatic light illuminates the slider. A portion of the 
incident light is reflected at the top boundary of the thin air film, while the remainder is 
refracted and transmitted through the boundary into the air film. At the lower boundary of 
the air film, a portion of the transmitted light is reflected back through the air film. Upon 
emerging from the air film, the ray reflected from the lower boundary combines with the 




ray reflected from the upper boundary to form an interference pattern. The working 













Figure 2.1 Optical paths for multiple reflection of monochromatic light 
 
 
The refractive indices of glass disk, air and slider are gn , 0n  and sn  respectively. The 
optical path difference (OPD) caused by two contiguous light rays is θcos2 0dnOPD =  
and the corresponding phase difference is θλ
πδ cos4 0dn= . For normal incidence 
( 0=θ ), 02dnOPD =  and dn04λ
πδ = . The total phase difference of the two rays is 
controlled by two factors: the difference in optical path length 02dnOPD = , and the 
phase shift of π that occurs when the light ray reflects from a more dense to a less dense 
medium as in this case. If the total phase difference of two rays 
ππλ
πδ ⋅=+= mdntot 24 0 , where m is an integer, the two rays are said to be in phase, 


















πδ ⋅=+= mdntot 04 , where m is an odd number, destructive interference occurs. 
Therefore, the bright fringes present when the air film thickness is  
λ⋅+= )
4
1(md   (m=0,1,2,3…)       (2.1) 
The dark fringes present when the air film thickness is  
2
λ⋅= md   (m=0,1,2,3…)        (2.2) 
 
Therefore, as the air film thickness d increases from zero, where destructive interference 
occurs due to the phase shift of the external reflection, the intensity increases to a 
maximum at a separation equal to 
4
λ . It then decreases until another minimum is 
encountered at d = 
2
λ , etc. The thin air film being measured is an air wedge created by 
loading a slider against an optical flat. Figure 2.2 illustrate the dark and bright fringe 
patterns for 450 nm blue light. The lowest fringe order is in the left, which is 
corresponding to the fly-height concerned. 
 
 
Figure 2.2 Interference patterns of wedge air film 




The fly-height is determined by counting the fringes. As the monochromatic 
interferometric intensity is a periodic function of spacing, the fringe order must be known 
to finally determine the spacing. The resolution of this monochromatic fringe counting 
technique is limited by the wavelength of the light source used. The shortest wavelength 
for the visible spectrum is about 400 nm, so the best resolution can be obtained is only 
100 nm. Therefore, the resolution of the monochromatic fringe counting technique is not 
enough for fly-height less than 1 µm.  
 
2.2.2 White Light Color Fringes Counting Technique 
The working principle of the white light color fringes counting technique is similar to that 
of the monochromatic fringes counting technique. The only difference between these two 
techniques is the light source used. The white light interference pattern is a continuous 
color spectrum instead of the dark and bright fringes of the monochromatic technique. 
For a film thickness of less than 1 µm these colors can be identified to a resolution of 50 
nm, as compared with 100 to 200 nm for the visible monochromatic fringes.  
 
For white light illumination, the color of the interference pattern at any point in the air 
film is due to the superposition of those colors whose wavelength intensities are 
strengthened through constructive interference and the absence of those colors whose 
wavelength intensities are weakened due to destructive interference at that particular film 
thickness. As the rotational speed of the disk changes, the slider-to-disk spacing changes. 




This is observed as a change of color in the interference pattern. These color changes are 
recorded by starting with the glass disk at rest to identify the zero order fringes, and then 























Figure 2.3 Newton’s Color Scale 
 
From Newton’s Color Scale [29] as shown in Figure 2.3, it is known that white light 













































































2000 nm. Also, as the fringes order increases, the resolution of the technique decreases. 
This is best understood by examining the expression for the optical path difference at 
which maximum intensity occurs, λ⋅+= )
4
1(md . For any film thickness from zero to 
500 nm, only a single wavelength in the visible spectrum gains maximum intensity. The 
colors are quite pure and distinct, except from 0 to 150 nm where the wavelengths in the 
visible spectrum reach their first intensity maximum so close together that the combined 
interference pattern appears as one fringe, changing from black at 0 through gray to white 
at 125 nm before the first yellow occurs at 175 nm. From 500 nm to 1000 nm there are 
two wavelengths in the visible spectrum that reach a maximum intensity at any given film 
thickness. From 1100 nm to 1500 nm, there are three such wavelengths, etc. As the 
number of wavelengths that reach simultaneous maxima increases, the color of the 
interference fringe appears less distinct, until the superposition is such that the result is 
practically white illumination. 
 
The white light color fringes counting technique was a practical method to evaluate the 
fly-height when the fly-height is in the 200 nm to 1 µm region. However, when the fly-
height is less than 100 nm, the colors wash together and cannot be interpreted with 
reasonable accuracy, a new optical measurement technique based on the light intensity 
instead of the fringes pattern is desirable. 
 




2.2.3 Three-wavelength Intensity Interferometry  
The fly-height was reduced to about 100 nm in the beginning of 1990’s. The fly-height 
measurement techniques based on the interference fringe counting cannot provide 
sufficient resolution to evaluate the head-disk spacing. Intensity-based interferometry 
became the focus for new generation fly-height measurement technology. There is more 
mathematics involved in the intensity-based interferometry than any of the fringe 
counting based interferometry. In this section, the equations involved in the fly-height 
measurement will be derived in details. The working principle, merits and limitations of 
state-of-the-art fly-height measurement method will be also discussed. 
 
2.2.3.1 Equations Derivation  
In the fly-height measurement, the glass disk, air film and the slider form two interfaces 
as shown in Figure 2.4. The resultant reflected wave returning to glass disk will consist of 
light which is initially reflected from the glass/air interface as well as light which is 
transmitted by the glass/air interface, reflected from the reverse direction, and so on. Each 
successive transmission back into glass disk is smaller than the last, and the infinite series 
of partial waves makes up the resultant reflected wave. The amplitude of the resultant 
















Figure 2.4 Reflections and transmissions for two interfaces 
 
From a macroscopic point of view, the quantities of interest are the amplitude of the 
incoming wave and the amplitude of the resultant outgoing wave. The ratio of the 
amplitude of the outgoing resultant wave to the amplitude of the incoming wave is 
defined as the total reflectance, and is analogous to the Fresnel reflection coefficients for 
a single interface. For a single film including two interfaces and considers the normal 
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Multiple beam interference 
































−     (2.7) 
 
The complex index of refraction for the slider ( ss kjn ⋅− ) and the refractive indices of 
glass disk and air are fixed, so any change in fly-height, d, results in a change in R. The R 














Figure 2.5  Total reflection coefficients as a function of fly-height 
 
If the three media involved in the simulation are perfect dielectric, the interference 
minimum and hence the minimum reflection coefficient occurs at d=0. However, the 
material of the slider is an imperfect dielectric that has an extinction coefficient ks≠0 
Imperfect dielectric ks>0 
Perfect dielectric ks=0 




(ks>0), the minimum reflectance occurs at the negative fly-height as shown in the top of 
Figure 2.5. Error will be introduced to the fly-height if the phase shift Φs due to the 
extinction coefficient of the slider is neglected at low fly-height. 
 
Assuming the total reflectance R and all the indices of refraction are known, the air film 
thickness (fly-height) can be derived from Eq. (2.3). It is not difficult to tell from Eq. 
(2.3) that the solution for the fly-height is not unique due to the cosine nature. However, 
considering the practical case, we can confine the region and the fly-height can be 














d s      (2.8) 
 
2.2.3.2 Working Principle of Three-wavelength Interferometry 
The concept of three-wavelength interferometry was developed much earlier than it was 
applied to measure the fly-height by Lacey et al. in 1992. The invention of the three-
wavelength interferometry concept can be traced back to 1973, when a three-camera 
technique for simultaneous inspection of the tape drives at three discrete wavelengths was 
proposed by Edwards [26]. The success in the fly-height tester implemented by Lacey et 
al. lies in the fact they provided a breakthrough for the system calibration. Unlike the first 
and second generation fly-height measurement technologies, which only concerned about 
the interference patterns, the third generation fly-height measurement technology is an 




intensity-based technology. Therefore, the interference intensity is the important issue to 
estimate the fly-height. However, due to some ambiguous constants involved in the 
intensity measurement, some calibration mechanism must be used to determine or 
remove these ambiguous constants. In 1992, Lacey and the engineers in Phase Metrics 
Corporation successfully implemented a calibration mechanism with the three-
wavelength interferometry to set up a three-wavelength fly-height tester. Soon after that, 
the three-wavelength technique became the dominant technology for fly-height testing. 
 
The schematic diagram of the three-wavelength fly-height tester is shown in Figure 2.6. 
In this design, a mercury arc lamp light source is used to provide three distinct 
wavelengths of light so that three separate interference fringes are generated. As shown in 
Figure 2.6, light from the mercury arc lamp is directed substantially normal to the surface 
of a transparent disk, through the disk and onto the slider on which a magnetic head is 
mounted. The light reflected from the slider and from the surface of the disk closest to the 
slider is combined and spectrally analyzed for constructive and destructive interferences 
at each of the three wavelengths. The spectral analysis is accomplished by a detector 
assembly, which includes wavelength discriminating beam splitters, a filter for each 
individual wavelength to be measured and a high-speed photodetector for each 
wavelength. A rotating arm in implemented to move the slider from the glass disk for the 
calibration purpose. The microscope is connected to a video monitor for visualization of 
the air-bearing surface of the slider and visual monitoring of the measurement position. 
 
 

















Figure 2.6 A diagrammatic view of the three-wavelength fly-height tester 
 
In the intensity-based fly-height tester, the reflected light goes into a photodetector that 
converts the photon energy into electrical energy, and the output signal of the 
photodetector is voltage. This voltage is then converted to digital data by the A/D 
converter connected to the photodetector. The output of the A/D converter will be the 
intensity related to the fly-height. Part of the reflected light will be further reflected from 
the optical components before it reaches the photodetector.  It is very difficult to 
determine the overall gain and offset of this system precisely. Moreover, the light from 
the background and the light reflected from the top surface of the glass disk will also go 
into the photodetector. Therefore, the intensity reading from the A/D converter includes 
the contribution of these unwanted constants. It should be appreciated that all the 
uncertainties can be treated as constants for every testing and therefore, we can write the 



























CRGI out +⋅=          (2.9) 
where Iout is the output of the A/D converter and it is the intensity related to the fly-
height, G is the overall gain of the fly-height measurement system and C is the offset of 
the system. 
 
The purpose of the calibration procedure is to determine R in Eq. (2.9). The calibration 
procedure involves measurement of intensities of all colors while partially unloads the 
head to determine the maximum intensity maxcalI and minimum intensity mincalI  of the 
fringes for each color used and to identify the correct fringe orders of the interference 
patterns. The calibration trace is digitally lowpass filtered to reduce electronic noise. A 
maximum and minimum intensities for each color in the calibration trace are found by 
searching through the data collected. The trace is then normalized to the maximum and 
minimum intensities for each color to remove the terms G and C in Eq. (2.9). The total 
reflectance R can then be found and expressed as Eq. (2.10) 


























As R is the function of fly-height, the fly-height can be calculated based on  
Eq. (2.8) with R is known. 
 




The three-wavelength technique is insensitive to fringe order change. It provides 
redundancy for measurements below the first order and can reduce the standard deviation 
of the measurement by a factor of 1.5 to 2.5 times as compared to a single 
monochromatic measurement. This fly-height tester is widely used in the industry due to 
its capability of high speed self-calibration of absolute interferometric intensity before 
each measurement, repeatable measurements for all slider materials, and same analysis 
algorithms for all fly-heights down to contact.  
 
The three-wavelength interferometry plus the unload calibration mechanism used to 
provide a very good solution to evaluate the fly-height in the tens of nm region. However, 
as the fly-height is lower than 10 nm, those problems which seemed to be not important 
become critical today. It is already known that the calibration mechanism and the 
complex index of refraction of the slider will introduce error in the fly-height 
measurement. The total error is estimated to be about 2 nm and it is not an issue as 
comparing to the fly-height of tens of nm (e.g., 20 nm).   Even an error of 2 nm is not 
allowed today because the fly-height is lower than 10 nm and it is the trend to further 
reduce it. Therefore, some improvement must be performed on the intensity-based 
interferometry to adapt to the decreasing in the fly-height. 
 
 




2.3 Solution Search on Intensity-based Interferometry  
 
The error in the calibration is due to the determination of the calibration maximum and 
minimum intensities, maxcalI and mincalI . Due to the dynamics of the slider during the 
unloading process, errors in maxcalI and mincalI are unavoidable. Lacey et al. tried to 
perform the system calibration without using the maximum and minimum intensities.  
Comparing to the error in the calibration, the error induced by the complex index of 
refraction of the slider is even higher. This is because reflectivity of the slider is different 
from point to point, and if the calibration is only done at one point, the measurement will 
carry a “substitution” error, which depends on the homogeneity of the slider material. 
Moreover, different points on the slider result in different phase shifts on reflection, and 
this is also the source of error in the fly-height measurement.  
 
Engineers and researchers have tried to find solutions for the two limitations mentioned 
above since 1996 when they foreseen the problems. In this section, some solutions 
provided by the literatures will be introduced and the feasibility of these solutions will be 
also discussed. 
 
2.3.1 Four-Phase Polarization Interferometry 
In the polarization interferometry technology, laser is used as the light source due to the 
polarization required. Moreover, the light beam impinges upon the glass disk at an angle 




of incidence not equal to zero. Either an angle of incidence close to the Brewster angle or 
the Brewster angle is used. Polarization interferometry is an interesting approach for 
optical fly-height measurement because of its potential of measuring slider’s refractive 
index and fly-height at the same time.  
 
Four-phase polarization interferometer was implemented by Peter De Groot et al. in 
1996[16]. They attempted to in-situ determine the complex index of refraction of the 
slider but had no intention to solve the problem of calibration uncertainty. This 
technology takes the advantage of the interference phase information discarded by the 
normal incident interferometry. The added information provides high-sensitivity data 
down to contact, with the additional benefit that the complex index of refraction of the 
slider is one of the by products of the fly-height test rather than a prerequisite for it. The 
schematic diagram of this technology is shown in Figure 2.7. Unload calibration 
mechanism is provided to measure the complex index of refraction of the slider. A 






Figure 2.7 A diagram illustrating the polarization interferometry, for the angle of 
incidence °≠ 0iθ  














The photodetector assembly 1 is a polarization-sensitive intensity detector assembly and 
the photodetector assembly 2 is a phase detector assembly that measures the strength and 
relative phase of the polarization components defined by the plane of incidence. The 
detailed structures of these assemblies are shown in Figure 2.8. The phase detector 
functions by mathematical analysis of the intensities I1, I2, I3 and I4 measured by 
photodetectors PD1, PD2, PD3 and PD4. The phase measurement method requires that 
polarizing elements and wave plate be selected and arranged properly so that the four 
intensities I1, I2, I3 and I4 correspond to a sequence of four interference signals separated 
in phase by exactly π/2 radians. It is then possible to extract the phase difference between 
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Theoretically, the phase difference between the s and p polarizations may be represented 
by the expression, 
( ) ( )[ ] ( )[ ] ξβββ +−=Ω ps zz argarg        (2.12) 
where ( ) ( )"arg"arg ps aa −=ξ  and a”s,p include the effect of the double-pass transmission 
through the upper surface of the glass, as well as the effects of any other optical 
components that have a polarization dependence, and 
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+=         (2.14) 
 cosh4 Φ= λ
πβ          (2.15) 
The intensities I1, I2, I3 and I4 and the phase Ω(β) together provide sufficient information 
to determine the fly-height.  
 
The beauty of the polarization interferometric technique is that it adds phase detection 
without giving up the traditional intensity information. The other advantage of 
polarzation interferoemtry is that it measures the complex index of refraction of the slider 
in situ, using the data acquired during the slider load. The great limitation of this 
technique is due to its deleterious sensitivity to inhomogeneities and distortions in the 
disk.  High quality optical glass has no preferential direction for any physical properties. 
However, when glass is subjected to stress, symmetry is broken and then its refractive 




properties depend on the orientation of the propagation direction and the polarization 
vector of the light with respect to the stress field. A simple way of modeling this behavior 
is saying that the p-polarized light and s-polarized light experience different indices of 
refraction n. If the two beams are in phase when they first enter the glass, they will 
become gradually phase shifted as they progress in their propagation. This phase shift is 
quite significant and in the case of polarization interferometry, gets directly mixed with 
the phase shift that is the heart of the fly-height measurement. It is not possible in 
practice to account for this phase shift in a clean manner. Moreover, there is an overall 
drift in the interference phase due primarily to the presence of the high-speed phase 
modulator, resulting in an ambiguous phase offset. The feasibility of this technique is 
under suspecting. 
 
2.3.2 Combined Interferometer and Ellipsometer  
The four-phase polarization interferometry system does not account for light that is 
depolarized and thus does not accurately calculate the complex index of refraction of the 
slider. Additionally, it utilizes a retract routine to measure the complex index refraction 
and the fly-height. Therefore, Lacey et al. desired to provide a fly-height tester that will 
account for the depolarized light reflected from the slider, and measure the complex 
index refraction and fly-height without retract routine [30]. 
 




The idea of this combined system includes a first optical system, which detects a first 
light beam that is reflected from the glass disk and the slider. The reflected light is 
separated into four separate beams. The intensities of the beams are detected and utilized 
to determine the four stokes parameters of the reflected light. The Stokes parameters are 
used to compute the complex indices of refraction of the slider and the fly-height. The 
four stokes parameters account for all depolarized light that is reflected from the slider. 
The first optical system may have a photodetector that detects image of the slider. The 
image provides multiple data points that can be used to calculate n, k and the fly-height 
without a retract routine. The apparatus may also have a second optical system, which 
detects a second light beam reflected from the substrate and the slider. The second optical 
system can be used to dynamically measure the fly-height.  
 
A calibration medium is designed to get enough parameters to calculate the n, k values of 
the slider and also the fly-height. As shown in Figure 2.9, the medium may contain 16 
different regions arranged into four different rows R1-R4 and four different columns C1-
C4.  Each region has a different thickness that corresponds to a specific air bearing 
thickness. The regions can be constructed using a first coating of metal oxide with an 
index of refraction of 2 at 550 nm. A second coating is then applied to the first coating. 
The second coating may be SiO2, which has an index of refraction of 1.46 at 550 nm. C1 
has no coating, C2 is coated with metal oxide to a thickness of 47.5 nm, C3 is coated to a 
thickness of 69.5 nm and C4 is coated to a thickness of 94 nm. The second coating is then 
applied to the array. R1 is not coated, R2 is coated with 127 nm SiO2, and R4 is coated 




with 60 nm SiO2 and R3 is coated during the coating of R2 and R4 for a SiO2 thickness of 
187 nm. Each region is designed to effect the polarization state of a light beam reflected 
from the medium to obtain multiple stokes parameter data. After the system is calibrated 
the calibration medium is replaced with the glass disk to perform fly-height testing. 
 
Figure 2.9 A top view of a calibration medium for the system 
 
Though it can measure the complex index of refraction of the slider and measure the fly-
height in real-time without the retract routine calibration, it is very complicated and time-
consuming to fabricate the calibration array, which includes 16 cells. Moreover, the 
thickness and index of refraction of the 16 cells are well designed to obtain the 
calibration information. Any inaccuracy in the thickness and index of refraction results in 




The optical fly-height measurement technology has undergone three generations, namely 
monochromatic dark and bright fringes counting technique, white light color fringes 
counting technique and three-wavelength intensity interferometry technique. Only the 




third generation intensity-based technology can be applied to evaluate the fly-height in 
the tens of nm region. The three-wavelength interferometry is the state-of-the-art third 
generation technology due to its higher measurement accuracy as comparing to the 
polarization interferometry.   
 
Uncertain degree of accuracy in the calibration and the complex index of refraction of the 
slider deteriorate the accuracy of fly-height measurement for the third generation fly-
height measurement technology. Solutions have been proposed to reduce the degree of 
uncertainty in the fly-height measurement, including the four-phase polarization 
interferometry and combined interferometer and ellipsometer method. However, the 
proposed solutions cannot provide an essential improvement in the fly-height 
measurement. In fact, more error will be induced due to the complication of the system as 
comparing to the traditional three-wavelength fly-height tester.  
 
After the detail review on the fly-height measurement technologies, it is concluded that 
the three-wavelength interferometry, the industry standard fly-height testing technology 
is still the most mature choice at this moment and for recent future, according to the 
evaluation of the possible technologies reported up to now. Therefore, the effort in the 
rest chapters will be put into analyzing the limitations of the three-wavelength fly-height 
tester and estimate the error involved in the fly-height measurement. The new 
methodologies explored to improve the accuracy of fly-height measurement will be based 
on the state-of-the-art fly-height testing technology. 









A well-known approach to the precise measurement of fly-height is the three-wavelength 
interferometry, which has been implemented in the Phase Metrics Dynamic Flying 
Height Tester (DFHT). The accuracy, repeatability and reproducibility of this instrument 
comparing to the other fly-height testers have made it the recording industry standard 
soon after it was introduced in 1992. Despite the widespread use of the DFHT, the open 
literature lacks a thorough, quantitative discussion of the different sources of errors that 
affect its measurement. As the fly-height is lower to near contact, the requirement on the 
measurement accuracy is more important than ever. To improve the measurement 
accuracy, the sources of errors that affect the measurement must be studied to find out the 
corresponding solutions. The purpose of this chapter is to explain several of the main 









3.1 Working Principle of the DFHT 
 
In order to understand the potential sources of errors in the fly-height measurement using 
the DFHT, it is important to have a basic understanding of its working principle first. In 
this section, the working principle of the DFHT will be discussed briefly. In the DFHT, 
the algorithm used to estimate the fly-height is exactly the same as the one discussed in 
sections 2.1.1 and 2.1.4. As the fly-height is of the order of tens of nanometers (within 

























      (3.1) 
The optical constants (n, k) for air, slider and glass disk can be determined by an 
ellipsometer and with these known values, r12, r23 and Φ23 can be calculated using Eqs. 
(2.3) to (2.5). If the total reflection coefficient R associated with the fly-height is known, 
the fly-height can be calculated from Eq. (3.1).  
 
The total reflection coefficient R is defined as the ratio between the reflected light 
intensity and the incident light intensity. In DFHT, the reflected light goes into a 
photodetector that converts the photon energy into electrical energy, and the output signal 
of the photodetector is in voltage. This voltage is then converted to digital data by the 
A/D converter connected to the photodetector. Part of the reflected light will be further 
reflected from the optical components before it reaches the photodetector.  It is very 




difficult to determine the overall gain G and offset C of this system precisely. Moreover, 
the light from the background and the light reflected from the top surface of the glass disk 
will also go into the photodetector, which are not included in Eq. (3.1).  It should be 
appreciated that all the uncertainties can be treated as constants for every testing and 
therefore, we can write the output voltage in terms of the total reflection coefficient as, 
CRGV +⋅=              (3.2) 
It is easy to obtain the voltage value V for certain fly-height. We still need the overall 
gain G and the offset C to find out R. The purpose of the normalization procedure 
mentioned in section 2.1.4 is to eliminate such unclear relationships and simplify the 
whole measurement procedure.  If two more voltage values are known, e.g., the 
maximum and minimum voltages that correspond to interference maximum and 
minimum, we can have two more equations, which are expressed in Eq. (3.3) and Eq. 
(3.4).  
CRGV +⋅= maxmax           (3.3) 
CRGV +⋅= minmin          (3.4) 
By solving the three equations, i.e., Eqs. (3.2) to (3.4) simultaneously, we can obtain the 
expression for overall gain G, the offset C and the total reflection coefficient R as shown 
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−=−=       (3.7) 
The calibration process in DFHT is hence a process to determine the maximum and 
minimum voltages, which in turn determine the overall gain and offset of the optical and 
electrical systems in the fly-height tester. In DFHT, the calibration procedure involves 
measurement of intensity of all colors via moving the head away from disk surface by at 
least a quarter of light wavelength. The purpose of having such a fly-height change is to 
determine the maximum and minimum intensitiesy of the fringes for each color being 
used and to identify the correct fringe orders of the interference patterns. One approach 
for such calibration operation is implemented by actuating head unloading mechanism 
which is used to move the head away from disk surface by at least a quarter of the 
wavelength used. RPM ramp is the other calibration mechanism used in DFHT. For some 
sliders, the fly-height varies with rotation speed of the disk significantly, so the 
calibration curve can be obtained by varying the rotation speed of the disk in small steps.  
 
However, modern sliders are designed in such a way that the flying height should be 
constant at different radii of disk surface (disk rotation speed is fixed). In other words, the 
slider is designed to have minimum sensitivity to slider flying speed. Therefore, the rpm 
based calibration scheme is almost not applicable for most modern sliders and the unload 
calibration is the standard approach for calibration of the testing system. The rest work in 
this thesis will focus on unloading based calibration only. 




It should be clarified that although the fly-height test is setup to fly the slider at specific 
slider flying speed (or disk radius, if the spindle speed is fixed) and skew angle that 
simulates drive conditions, slider calibration can be performed at any slider flying speed 
and skew angle. The radius and skew selected for calibration have the greatest impact on 
the calibration. A slider design may unload erratically from the disk at one radius and 
skew but unload smoothly at another radius and skew. A smooth unloading process 
provides robust calibration. It is observed during our experiments that different 
calibration conditions result in different Vmax and Vmin even if the calibration point on the 
slider is the same.  
 
Based on Eqs (3.5) and (3.6), this difference in Vmax and Vmin will result in different gain 
G and offset C. For a stable fly-height testing system, the gain and offset should remain 
the same. Otherwise, it is suspected that some problems are associated with the 
calibration process. Reasons that contribute to this difference will be explained in the rest 
of this chapter. 
 
3.2 Calibration Errors in Unload Calibration Mechanism 
 
The accuracy of fly-height measurement depends greatly on the precise determination of 
three voltages (V, Vmax and Vmin) obtained during fly-height measurement. The 
uncertainty in each of the quantities mentioned above propagates into the final result of 
fly-height reading and limits the accuracy and repeatability of the measurement. 




Therefore, the unload calibration mechanism, which is to determine Vmax and Vmin, 
deserves further discussion. In addition to the error associated with noise in the voltage 
measurement, calibration falloff is the main contributor to the error in Vmax and Vmin.   
 
Calibration falloff refers to a phenomenon that there is a decrease in the maximum 
voltage and an increase in the minimum voltage comparing to the true values of the two 
voltages. The effect of the calibration falloff is that the fly-height will be under-
estimated. Factors that lead to calibration falloff will be discussed with some 
experimental results in this section. 
 
3.2.1 Calibration Falloff due to Finite Bandwidth of the Optical Filter 
The resultant interference reflectance in the fly-height measurement can be simply 

















++= , where ( ) λ
πλβ FH⋅∝ 4  is the total phase 
shift upon reflection. The interference peaks and valleys occur at ( ) πλβ ⋅= N2  and 
( ) π⋅+12N respectively, where N=0,1,2,3…. If light rays that interfere with each other are 
monochromatic, which means all the light rays are of the same wavelength, then all the 
interference peaks occur at the same locations and so do the interference valleys. 
However, if the light rays have certain spectral bandwidth, the extra interference peaks 
that come from the extra wavelengths content occur at locations that are different from 
the location of the interference peak of the center wavelength due to the total phase shift 




mentioned, and so do the interference valleys. This results in a decrease in the total signal 
peaks and increase in the total signal valleys. The first order interference maxima and 
minima for light beams of a spectral bandwidth are shown in Figure 3.1.  The bolded 






(a)      (b) 
Figure 3.1 (a) The first order maximum for the blue light with center wavelength @450 
nm and spectral width of 40nm (bolded curve is the resultant interference 
curve);  
(b) The first order minimum for the blue light with center wavelength @450 
nm and spectral width of 40nm(bolded curve is the resultant interference 
curve) 
 
The light source used in the DFHT is not monochromatic and it is a white light source, 
which passes through the three optical filters that have bandwidth of 40 nm, and center 
wavelengths at about 450 nm, 550 nm and 650 nm for the three channels. The peak 
intensities fall and the minimum intensities go up with the distance that the light rays 
travel due to the reason explained. 
 
For two light rays to interfere with each other, they must have some degree of coherence, 










can be maintained for certain time. The degree of coherence determines how long the 
light can travel before their relative phase is completely random. The physical 
representation of the degree of coherence is the coherent time or coherent length. The 
coherent time is defined as 
f
tc ∆≈
1  in many literatures. The speed of a light wave, c 
( sm /103 8× ) can be expressed as λ⋅= fc , where λ is the wavelength. Therefore, the 













ctcl , where λ  is the center wavelength. For 
this quasi-monochromatic light interference, the maximal fringe order (Nmax) that can be 
obtained is approximated as λλλ ∆== /max &
clN . For the blue light channel, the center 
wavelength nm 450=λ , the spectral width nm 40=∆λ , so the maximal fringe order 
1140/450/max ==∆= λλN . The simulation result in Figure 3.2 coincides with this 
prediction. 
 
Figure 3.2 Quasi-monochromatic interference results in intensity falloff in the 
interference peaks and valleys as the fly-height increases. When the spacing 
is larger than the coherent length, the resultant intensity is simply the sum of 
the intensities from all the wavelengths regardless the spacing  




Table 3.1 Comparison of interference peak and valley values for different spectral 
bandwidths (λ =650 nm) 
Spectral bandwidth (nm) Rmax Rmin Rpp ∆Rmax (%) ∆Rmin (%) ∆Rpp (%)
0 0.3198 0.0478 0.2720 - - - 
20 0.3198 0.0482 0.2716 0.01 0.77 0.16 
40 0.3197 0.0491 0.2706 0.05 2.76 0.37 
80 0.3193 0.0523 0.2670 0.17 9.40 1.35 
 
It is not clearly shown in Figure 3.2 that there is difference in the first peak and valley 
intensities for bandwidth=0 and bandwidth=40 nm. However, if zooming into the curve, 
we can actually see the difference. The percentage difference is shown in Table 3.1 for 
the spectrum with center wavelength of 650 nm. Greater difference in the interference 
peak and valley is expected for spectrum of same bandwidth at a shorter center 
wavelength. 
 
Due to the calibration falloff, the fly-heights estimated tend to be lower than the true 
values. Therefore, to eliminate the error in the fly-height measurement due to calibration, 
some algorithms must be used to compensate the amount of falloff if unload calibration is 
still the choice to estimate fly-heights. 
 
3.2.2 Calibration Falloff due to Fringe Bunching 
A specially designed head loading and unloading actuator is used to retract (unload) the 
slider from the disk surface during the calibration period. The natural pitch of the head 




gimbal assembly (HGA) design plus the influence from the loading and unloading 
actuator can cause very high pitch during calibration. The measurement spot is a square 
size of 25 µm. Slider pitches or rolls will cause a fly-height variation across the 





Figure 3.3 With an existing of a slider pitch, the flying height is not uniform inside the 
measurement spot 
 
The interference maximum and minimum for different small spots inside the 
measurement spot occur at different moment along the unloading process due to the total 
phase shift upon reflection, ( ) λ
πβ FHFH ⋅= 4 . This leads to a calibration phenomenon 
that is similar as shown in Figure 3.2, calibration falloff. The calibration situation is even 
worse due to the slider pitch. During the calibration process, the pitch varies instead of 
remaining as a constant quantity. As a result, other than calibration falloff, this pitching 
also makes the interference fringes of consecutive orders to get closer together and 
becomes an important source of error when the fringe spacing becomes comparable to the 
size of the measurement spot. The name ‘Fringe Bunching’ is given in this thesis to 











At a given center flying height, FH0, the resultant reflectance of interference can be 
expressed as 
( )( )









. It can be observed clearly 
from the simulation curve as shown in Figure 3.4 that when the pitch angle is present, the 
peaks of the interference curve tend to be lower and the valleys higher as the distance 
increases. Moreover, the fringes tend to be narrower and shrink towards the previous 
fringe comparing to the curve without any falloff. The sliders used today typically have a 
steady state pitch of a few hundreds of µrad. However, if the effect from the loader for 
calibration is also considered, this pitch can be much larger than the pitch generated by 
the slider dynamics itself. Slider is allowed to have a static pitch angle of 0.5~1.5° or 
10~30 mrad. However, the possible pitch angle during unloading process and for the first 
order interference is much smaller. Therefore, in the simulation, the pitch has assumed to 
be varied from 100 µrad to 4 mrad during the unloading process. Though it is believed 
that the pitch is not varied in a constant manner, the author assumed the pitch changes 
from 100 µrad to 4 mrad in a constant step for the simulation purpose.  
 
Figure 3.4 High slider pitch causes fringe bunching due to the finite size of the 
measurement spot  






Calibration falloff due to the finite bandwidth of the optical filters is severer than that due 
to fringe bunching when pitch is small. However, when the pitch increases to certain 











Figure 3.5 (a) Simulation intensity vs. fly-height curve for the slider unloaded with a 
pitch and the optical filter has a bandwidth of 40 nm;  
(b) Experimental obtained calibration curve for the blue channel  (λ=450nm) 
 
Comparing the simulated calibration curve as shown in Figure 3.5 (a) and the 
experimental calibration curve as shown in Figure 3.5 (b), we notice that the falloff trend 
of the simulation curve for λ=450 nm, which considers the falloffs due to both the 
bandwidth effect and the fringe bunching effect, agrees well with the calibration curve 




obtained from the DFHT. As a result of the combined effect of bandwidth and the fringe 
bunching, the peak-to-peak intensity falls off much faster. It is also shown in both curves 
that the peak-to-peak intensity rises again after it is reduced to a minimum value. This 
phenomenon can be explained by the interference nature. At certain fly-height, the light 
rays from different wavelengths are in a high degree of in-phase or out-of-phase again. 
These light rays interfere with each other constructively or destructively and it results in a 
significant difference in the interference maximum and minimum. Though it is not shown 
in the figures, it is expected the peak-to-peak intensity will fall to zero eventually when 
the fly-height is greater than the coherent length. 
 
3.2.3 Calibration Falloff due to Frequency Response of Photodetector 
During the calibration process, the photodetector will catch the intensity change and the 
computer will manipulate these data for fly-height calculation. Hence, the accuracy of the 
fly-height measurement depends on how accurate the photodetector can catch the data 
point. However, the photodetector can only response to the change of intensity up to 
certain frequency. If the change of intensity is faster than the speed that the photodetector 
can response, some data points will be missed. Moreover, the photodetector has a gain-
bandwidth profile. If the frequency of the intensity change is beyond the unity gain 
frequency of the photodetector, the signal will be suppressed even if the photodetector 
can detect this change in the intensity.  
 




During the calibration process, the fly-height must change at least a quarter of the 
wavelength used for the fly-height measurement. Though the fly-height changes with the 
disk rotation speed, it cannot change in such a big range by simply changing the RPM of 
the disk for the sliders designed for production nowadays. Therefore, unload calibration 
is more often used than the RPM ramp calibration.  
 
The main factor that contributes to this calibration error is the dynamics of the head 
gimbal assembly (HGA). During the unloading process, the slider is held by the suction 
force that is produced in head disk interface. The magnitude of the suction force is 
determined by the design of the air bearing surface (ABS) and the disk rotation speed. 
When the deformed suspension flexure produced by stiffness overcomes the suction 
force, the slider snaps off the disk quickly. If this happens at the maximum intensity 
and/or minimum intensity locations, the photodetector may not response fast enough to 
catch the correct maximum and minimum intensities. Errors are therefore introduced to 
the maximum and minimum intensities.  
 
The pitch and roll static attitudes (PSA and RSA) of the sliders affect the unloading 
performance significantly. A positive PSA allows the slider to be unloaded more easily, 
because the positive pitch increases the pitch of the slider. Suspension limiter also affects 
the unloading performance. With the limiters on the suspension, the unloading time is 
greatly shortened but the lift-off forces are increased and the oscillations of the slider are 
stronger after it is unloaded. The loader has been designed to move vertically to unload 




the slider from the disk for calibration purpose. This speed of this vertical movement is 
referred to vertical unloading velocity in this thesis. The trend is very clear for the lift-off 
force as a function of vertical unloading velocity. A smaller velocity gives a smaller lift-
off force because of smaller squeeze effects of the air bearing. Due to the reasons 
discussed above, the unloading process and hence the calibration process depend much 
on the ABS design of the slider, static attitudes of sliders, the type of suspension limiters, 
vertical unloading velocity and the disk RPM. 
 
The experimental data shown in the following subsection shows clearly that calibration at 
different disk RPM results in different calibration data for the calibration performed at 
the same position of the slider. Calibration curves for slider with different ABS design 
are also different.  
 
3.2.3.1 Results of Calibration at Different Disk RPM 
A calibration curve is needed for every fly-height measurement to find out the first 
maximum and minimum intensities for calibration. The author measured fly-height at the 
same radius, same spindle speed, same testing point but calibrated at different rpm. It is 
observed that different calibration RPM gives us different calibration curve for the same 
slider calibrated in the same location. The disk RPM is the only factor that makes 
difference to the calibration curve. It is also believed that the ABS of the slider also 
affects the calibration curve. To investigate how the ABS and disk RPM affect the 
calibration process, the fly-heights of two types of slider, positive pressure slider and 




negative pressure slider were measured at different calibration RPM respectively. The 
ABS designs of these two sliders are shown in Figure 3.6. The fly-heights of the positive 
pressure slider were measured at disk radius=31 mm, and disk rotation speed=7200 RPM, 
while the fly-heights of the negative pressure slider were measured at radius=31 mm, and 
disk rotation speed =5400 RPM. 
 
Calibration RPM refers to the rotation speed of the glass disk at which the slider is flying 
when the unload calibration is performed. The fly-height measurement at each calibration 
RPM has been repeated for 10 times. The voltages (Vmax and Vmin) and fly-height are then 





Figure 3.6 (a) ABS of self-fabricated positive pressure slider; (b) ABS of self-fabricated 
negative pressure slider 
 
Table 3.2 Fly-height for positive pressure slider measured at radius=31mm, disk rotation 
speed=7200 RPM when the DFHT is calibrated at different  
rotation speeds 
 λ=650nm λ=550nm λ=450nm  
Calibration RPM Vmax Vmin Vp-p Vmax Vmin Vp-p Vmax Vmin Vp-p FH  (nm)
7200 2497 871 1626 2564 983 1581 2187 904 1283 22.17 
8000 2497 863 1634 2564 974 1590 2185 893 1292 22.32 
9000 2504 858 1646 2569 970 1599 2187 890 1297 22.56 
10000 2495 851 1644 2561 962 1599 2184 886 1298 23.26 
 
(a) (b)




Table 3.3 Fly-height for negative pressure slider measured at radius=31mm, disk rotation 
speed=5400 RPM when the DFHT is calibrated at different  
rotation speed 
 λ=650nm λ=550nm λ=450nm  
Calibration RPM Vmax Vmin Vp-p Vmax Vmin Vp-p Vmax Vmin Vp-p FH (nm) 
5400 2441 866 1575 2496 980 1516 2119 903 1216 13.62 nm 
6400 2441 857 1584 2510 975 1535 2124 899 1225 13.73 nm 
8000 2444 854 1590 2506 968 1538 2123 894 1229 14.05 nm 
10000 2451 850 1601 2510 968 1542 2130 891 1239 14.19 nm 
 
From these tables, one can see that the higher the calibration RPM, the higher the fly-
height measured at the same condition. It is not surprising to have this result if we 
consider the fly-height calculation formula, Eq. (3.1), with 
minminmax
minmax
min )( thrythryhryt RRRVV
VV
R +−−
−= . The fly-height should only depend on the 
radius that the slider is flying at and the rotation speed of the glass disk, so the intensity at 
testing fly-height, V, should not change if the fly-height tester is stable. At low fly-height, 
the fly-height calculation depends much on the minimum intensity measured. Assuming 
the error in Vmax is negligible and Vmin is increased by ∆V due to calibration error, one can 
conclude that R is reduced and so is the fly-height. This can be explained by the 


































V-Vmax is less than zero and all the other terms in right-hand-side of the expression are 
positive values, so R’-R is less than zero, which means R’ is smaller than R. A reducing R 
results in a smaller fly-height. Therefore the fly-height is reduced with increasing value in 
Vmin. 
 
The DFHT allows calibration to be done at conditions different from the fly-height 
testing conditions. It is observed from Tables 3.2 and 3.3 that different calibration 
conditions result in different fly-heights. This confuses the fly-height testing, as there 
should be only one fly-height value for slider flying at the same conditions. The factor 
that leads to this uncertainty is the calibration error in the maximum and minimum 
intensities due to the frequency response of the photodetector. The fly-height variation 
speed curve as shown in Figure 3.7 agrees well with this statement. For both types of 
sliders in this experiment, the slider unloading speed is always higher for calibration 
performed at lower RPM than performed at higher RPM, and therefore, more errors in the 
maximum and minimum intensities for the lower RPM calibration due to the limited 
frequency response of the photodetector. 
 
(a) 






Figure 3.7 (a) Slider unloading speed @ spindle speed=6400RPM;  
(b) slider unloading speed @ spindle speed=8000RPM 
 
3.2.3.2 Results of Calibration for Different Types of Slider 
Different ABS designs for the slider results in different unload process. The calibration 
curve for the positive pressure slider and the negative pressure slider with ABS designs as 
shown in Figure 3.8 were obtained when the calibrations were performed at the same 
conditions. The same conditions refer to the same calibration RPM, the same unload 
velocity and the same radius.  
 
(a) 






Figure 3.8 (a) Blue channel (λ=450 nm) calibration curve for positive pressure slider;  
(b) Blue channel (λ=450 nm) calibration curve for negative pressure slider  
 
The negative pressure slider has a slower changing speed in the fly-height for the first 
interference peak and valley than the positive pressure slider. The fly-height of the 
negative pressure slider changes much faster than that for the positive pressure slider 
from the second valleys onwards. One can still identify the second and third interference 
minimums in Figure 3.8 (a). The second and third interference minimums in Figure 3.8 
(b) merge together due to the fast change in fly-height. Calibration falloff due to 
frequency response of the photodetector is therefore more severe for this negative 
pressure slider than that for the positive pressure slider from the second valleys onwards. 
However, for the fly-height measurement, only the first appearance peak and valley 
values are used. Therefore, the error in fly-height measurement due to the cutoff 
frequency of the photodetector is actually more severe for the positive pressure slider that 
we selected for this experiment, which is coincided with the fly-height measurement 
results shown in Tables 3.2 and 3.3.  
 




To increase the recording density, the fly-height has to be reduced and the negative 
pressure sliders are used in current magnetic recording. One cannot change the ABS 
design to improve the calibration quality as every ABS design has its own purpose for the 
read-write performance. A photodetector with higher frequency response hence is 
necessary to eliminate this type of falloff.  
 
3.2.4 Error in Fly-Height Measurement due to Calibration Falloff 
The effect of calibration falloff is that the fly-height has been under-estimated. Any error 
or imprecise in the measurement of Vmax, Vmin and the voltage at testing fly-height, V, will 
cause error in the fly-height measurement. To estimate the error in the fly-height due to 



















minmax  (3.8) 
The expression of FH∆  is very complicated, a MATLAB program is therefore written to 






Figure 3.9 Error in fly-height measurement due to errors in voltage readings 
FH=34.8nm error due to ∆V 
error due to ∆Vmax 
error due to ∆Vmin 
























Percentage error in voltage V, Vmax and Vmin
error due to ∆V 
error due to ∆Vmin 
error due to ∆Vmax 




The error in the fly-height measurement due to the error in voltage readings is originated 






− shown in Eq. (3.1). It is the main contributor to the error of fly-
height. We can determine which voltage is the most severe error contributor by 
comparing the three terms in Eq. (3.8), namely, V
V
VVVf ∆∂
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∆ . Therefore, error in fly-height due to error in 
the voltage at testing flying height is always greater than that due to the error in the 
maximum voltage. 
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is always less than 1 as V is greater than Vmin. If minV∆ = V∆ = 



















Therefore, error in fly-height due to error in the voltage at testing flying height is always 
the greatest regardless the fly-height region. 
 
Based on Eqs. (3.9) to (3.11), the error in the voltage at testing fly-height is always the 















to decide whether the error in the interference peak 




























when V is 
close to Vmin. Therefore, the measurement would be more sensitive to interference 
minimum than maximum. At sub-nanometer fly-height region, since the voltage at testing 
fly-height is closer to the valley than to the peak, the accuracy of fly-height measurement 
is influenced more by the valley than by the peak.  This voltage dependence on the fly-
height measurement is clearly shown in Figure 3.9. 
 




The error in V, Vmax and Vmin is the same only when the error is due to the electronics 
noise. The error in the voltage at testing fly-height is mainly noise related and it can be 
simply reduced by increasing the incident light intensity, which is to raise the signal-to-
noise ratio. The noise related error in the interference peaks and valleys can be also 
reduced by increasing the incident light intensity to increase the signal level. However, 
the error in the interference peak and valley is mainly from the calibration process and 
they cannot be reduced by simply changing the signal level. As shown in Table 3.1, the 
error in Vmin is much greater than that in Vmax. For spectral bandwidth of 40nm, error in 
Vmax is only 0.05%, but the error in Vmin is more than 2%. Therefore, the error in Vmin has 
great impact on the current fly-height measurement. For fly-height near 3.5 nm, there is 
almost 1 nm error in the fly-height estimated due to 1 % error in the valley intensity. 
Calibration falloff is therefore a serious drawback for the fly-height measurement using 
unloading calibration mechanism. 
 
3.3 Effect of Optical Constants on Fly-Height Measurement 
 
The parameters used in the calculation of Rthrymax, Rthrymin, 23Φ , 12r  and 23r  are the indices 
of refraction for the glass disk, air and slider. Any errors in the determination of these 
indices of refraction, error will be introduced to the fly-height. It is easy to determine the 
index of refraction for homogenous materials, so the index of refraction for the glass disk 
can be determined quite accurately. The index of refraction for the air is very close to 1.0 
and it is not likely to change much. The precision of the index of refraction for the slider 




is most questionable because the slider substrate is formed by composite materials and 
the grain size is larger than the size of the wavelength. The slider cannot be regarded as 
substance formed by a homogenous material and its index of refraction varies from spot 
to spot. However, index of refraction of the slider plays an important role in the 
determination of fly-height. Error in the fly-height due to inaccurate determination of 
index of refraction for slider, thus, deserves further discussion. In DFHT, calibration can 
be performed at a point the same as the measurement point and we call this on-spot 
calibration. Calibration can be also performed at a point different from the measurement 
point and we call this point substitution calibration. The errors in fly-height for these two 
cases are different, and they are discussed respectively in this section. 
 
3.3.1 Effect of n, k on Fly-Height Measurement for On-spot Calibration 
The indices of refraction for different points on a slider are measured. We notice that the 
standard derivation in the refractive index n is about 1%, while that in the extinction 
coefficient is about 5-6 %. Measurement was repeated with different sliders. For all the 
sliders measured, the standard derivation in the n for the same slider is less than 2 %, 
while that in k is less than 10 %. Therefore, in the analysis of error in fly-height due to 
variation in n, k for the slider, we assumed –2% to +2 % change in n and –10 % to +10 % 
change in k. The uncertainty in fly-height at 8 nm due to these variations in n and k is 
shown in Figure 3.10.  





Figure 3.10 Contributions to the error in fly-height due to variations in n and k for  
FH =8 nm for on-spot calibration 
 
In this simulation, we assumed the correct n=2.226 and k=0.454 for the slider and  
λ=650 nm.  There can be more than 1 nm error in fly-height for the case where the value 
of n used for fly-height calculation is 2 % higher than the true value and the value of k 
used for fly-height calculation is 10 % lower than its true value. As data storage moves to 
high-density recording, the fly-height has been reduced to less than 5 nm. For a 5 nm fly-
height system, the allowed flying height variation is only 15% or 0.75 nm. Therefore, 1 
nm uncertainty due to testing accuracy, which is 20 % of the nominal fly-height, will not 
be acceptable for HDI characterization. For some of the sliders used, the standard 
derivation in the refractive index n can be even as high as 5-6%. Error in the fly-height 
measurement is expected to be much worse than the simulation done in this subsection. 
 




3.3.2 Effect of n, k on Fly-Height Measurement for Point Substitution 
Calibration 
Point substitution refers to the fact that the measurement point on the slider is different 
from the calibration point. Both the errors in n, k of the calibration point and 
measurement point will introduce error in fly-height. The error in fly-height is severer 
than the case where the measurement point coincides with the calibration point.  
 
Assuming that n, k for the slider on the calibration point is correct and n for the 
measurement point is -2 % to 2% different from the n of the calibration point, and k for 
the measurement point is -10% to 10% different from the k of the calibration point. 
Again, in this simulation, we assumed n=2.226 and k=0.454 for the slider for λ=650 nm. 
The error in fly-height due to the general assumption that n and k of the calibration point 
is the same as the measurement point is shown in Figure 3.11. We notice that more error 
will be introduced to the fly-height due to point substitution calibration. Based on the fly-























FH , there are 
two parts in the fly-height calculation. One is the phase shift upon reflection Φ23, and the 
















. For the point 
substitution calibration, error comes from both parts of the fly-height calculation. 
However, for the on-spot calibration, the error in the second part of the fly-height 
calculation due to the n, k determination for the slider can be eliminated. The only error 




in the fly-height is from the phase shift. Therefore, on-spot calibration is desirable to 
improve the accuracy of fly-height measurement if n, k for the measurement point and 
calibration point cannot be determined correctly. Again, the standard deviation in n can 
be as high as 5-6%, and the error in the fly-height measurement is expected to be even 
worse than the result of simulation shown in Figure 3.11. 
 
Figure 3.11 Contributions to the error in fly-height due to variations in n and k for  
FH =8 nm for point substitution calibration 
 
3.3.3 Experimental Confirmation on the Effect of n, k on  
Fly-Height Measurement 
Three points on the slider, which can be used for both calibration and fly-height 
measurement, are used to test the effect of n, k on the fly-height measurement. The 
average value for n, k is entered into the fly-height tester for fly-height calculation, and 




the fly-height of these three points, pt1, pt2 and pt3, are then determined by using 
different calibration points.  The fly-height data is shown in Table 3.4. 
 
Table 3.4 Fly-heights for three points measured using different calibration points 
Calibration point FH @ pt1 (nm) FH @ pt2 (nm) FH @ pt3 (nm) 
pt1 11.60 13.84 16.67 
pt2 12.51 15 17.72 
pt3 12.78 15.07 17.79 
 
The fly-heights for pt1, pt2 and pt3 estimated using on-spot calibration is about 1 nm 
different from those estimated using point substitution calibration. For the calibration 
performed at pt2 or pt3, there is not much difference in the fly-heights estimated for each 
point respectively. We can conclude that the n, k for pt2 and pt3 are comparable, so there 
is not much difference for calibration done at pt2 or pt3. The n, k for pt1 should be quite 
different from those for pt2 and pt3, so are the reflectivity and phase shift. However, in 
the fly-height calculation, the general assumption is that n, k for both measurement point 
and calibration point are the same. If this is not the truth, fly-height measurement will be 
different for the fly-height tester calibrated in different calibration points.  
 
Experiments have been done to compare the experimental results with the results of 
simulation for the error in fly-height due to incorrect entry of the n, k in the fly-height 
calculation. The n, k values for the glass disk and the slider are required to enter in the 
fly-height tester for fly-height measurement. In these experiments, n=2.226 and k=0.454 




are assumed to be the correct n, k values and entered into the fly-height tester to obtain 
the reference fly-height. A series of fly-height can then be obtained by varying n in step 
of 0.02 and fixing k. The relationship between the change in fly-height and the change in 
n is obtained by subtracting these fly-heights from the reference fly-height. This trend is 
indicated as the open circles in Figure 3.12 (a). Repeating the experiment with n fixed 
while changing k in step of 0.02, we obtained the data points as the open circles in Figure 
3.12 (b). The simulation data matches well with the experimental data. It is convinced 

















































Figure 3.12 (a) Error in fly-height due to error in n for on-spot calibration;  
(b) Error in fly-height due to error in k for on-spot calibration 
 






Different sources of errors that affect accuracy of fly-height measurement, namely, 
calibration falloff and inaccurate n, k determination have been discussed quantitatively. 
Calibration falloff results in a negative offset in the fly-height measurement. The effect of 
n, k on the fly-height measurement is even more complicated as we cannot predict 
whether the offset in the fly-height measurement is positive or negative. As the fly-height 
is lower than 10 nm and the trend is to further reduce the fly-height, we should try to 
eliminate any sources of errors that affect accuracy of fly-height measurement. In the rest 
chapters, methods on increasing the accuracy of fly-height measurement by reducing the 














Calibration Falloff Compensation 
 
 
Calibration falloff has been proved to cause fly-height offset during the fly-height 
measurement in chapter 3. This offset increases for lower fly-heights, which affects the 
accuracy of fly-height measurement greatly. Therefore, it deserves exploration of 
solutions to compensate the amount of calibration falloff. Calibration falloff due to the 
photodetector can be solved by introducing a high bandwidth photodetector. However, 
the calibration falloff due to the finite bandwidth of the optical filter is a fundamental 
limit, which cannot be solved so easily. In this chapter, the compensation for the 
calibration falloff due to the finite bandwidth of the optical filter will be discussed in 
details. 
 
4.1 Characteristics of Optical Bandpass Filter 
 
The light source used in the fly-height tester has a white light spectrum. In order to select 
three distinct wavelengths, an optical bandpass filter is placed in the optical path of each 
optical beam to transmit light at the desired wavelength with a specified bandwidth. 
Optical bandpass filters are designed to transmit a specific waveband.  They are 




composed of many thin layers of dielectric materials, which have different indices of 
refraction. These differences cause destructive interference at some wavelengths, 
resulting in high reflectance, while causing constructive interferences at other 
wavelengths, resulting in high transmittance. The center wavelength and the bandwidth 
of the filter depend on the properties and thickness of the thin layers. Some basic 











Figure 4.1 Characteristics and definition of terms for an optical bandpass filter 
 
The bandwidth of an optical filter is usually defined as the difference between the 
wavelengths at which the transmittance is half of the maximum transmission. It is usually 
called FWHM  (full width at half maximum), which is the difference between λH and λL 
as shown in Figure 4.1. The center wavelength of the optical filter is defined at the 






















FWHM: Full Width at Half Maximum 
Tmax: Maximum transmittance 
λL:  Lower wavelength at half of 
maximum transmittance 
λH:  Higher wavelength at half of 
maximum transmittance 
λ0 = (λL+ λH) / 2 




In the traditional fly-height measurement, single wavelength interference is assumed. 
However, this is not the truth due to this bandwidth. The real scenario is that the light 
received by a photodetector is quasi-monochromatic, which has a spectrum over certain 
wavelengths range. The interference pattern for light rays of multiple wavelengths is 
different from that of single wavelength. Extra interference that comes from the extra 
wavelength coverage will lower the level of interference peaks and raise the interference 
valleys, resulting in diminished peak-to-valley values. The detailed interference patterns 
have been shown in chapter 3 and in this section, we will only concentrate on the 
compensation algorithm. 
 
4.2 Compensation Algorithm and Procedure 
4.2.1 Compensation Algorithm 
The basic idea of falloff compensation is to consider the real interference pattern, 
including the effect from the bandwidth of the optical filter and the gain spectrum of the 
photodetector. The maximum and minimum values of the reflectance from this real 
interference pattern, instead of those from the ideal interference pattern, are then used to 
calculate for the fly-height.  
 
Recall that the light rays output from the light source will impinge on the glass disk and 
slider, and then be reflected back to the photodetector after going through the optical 
filter. The trace of the light rays and output at each stage is shown in Figure 4.2. 










Figure 4.2 Optical path of the light rays in the fly-height measurement 
 
I0(λ) is the light spectrum of the light source, I1(λ) is the reflected light spectrum. Due to 
the dispersion phenomenon, the index of refraction is different at different wavelengths, 
and so is the reflectance R.  Therefore, R(λ) is used to indicate that R is a function of 
wavelength. R(λ) has exactly the same expression as that in Eq. (2.1).The optical filter 
has the characteristics as discussed in the last section, and its transmission function is 
defined as T(λ). The light transmits through the optical filter reaches the photodetector. 
The photodetector is a semiconductor-based device, which absorbs the photons of energy 
higher than the bandgap energy of the semiconductor and converts the optical energy into 
electrical energy. This responsivity depends on the energy of the photon, and thus its 
wavelength. The responsivity is therefore a function of the wavelength, and it is 
expressed as f(λ). The output of the photodetector will be the integral of electrical energy 
contributed by the photons incident on the photodetector. 
 
As the reflectance is defined as the ratio of the reflected light intensity to the incident 
light intensity, the equivalent reflectance Req for the interference considering the 
Light source Disk +slider 
Optical filter Photodetector 
I0(λ) 
I1(λ) = R(λ) · I0(λ) 
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bandwidth effect of the optical filter can be defined as Eq. (4.1). The equivalent 
reflectance Req is then compared with the ideal reflectance at the center wavelength, 
R(λ0), to find out the difference between the ideal and real interference pattern. The 


























.      (4.1) 
 
4.2.2 Compensation Procedure and Result 
The falloff compensation procedure will be explained below taking the optical filter with 
bandwidth of 40 nm as an example. In order to perform the calculation explained in the 
last subsection, the spectrum of the light source and transmission spectrum of the optical 
filter are required. These two spectra are easy to obtain with the help of an Anritsu optical 
spectrum analyzer (OSA).  The corresponding spectrum of the photodetector can be 


































Figure 4.4 Transmission spectrum of the optical filter, which has the center wavelength 








Figure 4.5 Responsivity spectrum of the photodetector 
 
With the three spectra available, the equivalent reflectance Req can be calculated 
following the algorithm explained. The reflectance is a function of the fly-height as 
indicated in Eq. (2.1), so the interference pattern can be obtained by varying the fly-



















































Figure 4.6 Equivalent interference patterns that considers the bandwidth effect of 
optical filter 
 
The maximum equivalent reflectance is found to be 0.3197, which is about 0.05% lower 
than the ideal maximum reflectance that is 0.3198. The minimum equivalent reflectance 
is 0.0491, which is about 2.76% higher than the ideal minimum reflectance that is 
0.04781. The diminished amount of fly-height can then be compensated by using the 
maximum and minimum equivalent values of the reflectance. 
 
In the traditional fly-height measurement, the wavelength used for fly-height calculation 
is the center wavelength of the optical filter. As the optical filter has a finite bandwidth, it 
is desirable to use an equivalent wavelength. Though the equivalent wavelength depends 
much on the optical filter, it also depends on the spectrum of the light source and the 
responsive spectrum of the photodetector. The equivalent interference pattern shown in 
Figure 4.6 also gives us the information of the equivalent wavelength. It is well known 



























Therefore, the equivalent wavelength λeq can be obtained by measuring the spacing 
between the peak and the valley from the interference pattern and multiplying a factor of 
4. This equivalent wavelength λeq, instead of the center wavelength of the optical filter, 
should be used to calculate the fly-height for higher accuracy. It happens in this example 
that the equivalent wavelength λeq is almost the same as the center wavelength λ0 of the 
optical filter. This is because the spectrum of light source is fairly flat and the 
responsivity does not change much over the passband of the optical filter. This may not 
always be the truth. So it is still recommended to use the equivalent wavelength λeq for 
fly-height calculation. 
 
The falloff compensation is also performed for the optical filters with bandwidths of 20 
nm and 80 nm to further confirm the feasibility of this compensation. The equivalent 
wavelengths and center wavelengths for these filters and the falloff compensation results 
are shown in Table 4.1. 
 
Table 4.1 Compensation results for falloff due to bandwidth effect of optical filter 
 BW=20 nm BW=40 nm BW=80nm 
Center wavelength, λ0 (nm) 650.61 658.5 662.98 
Equivalent wavelength, λeq (nm) 650.8 658.8 662.4 
Rideal_max 0.31984 0.31984 0.31984 
Req_max 0.3198 0.3197 0.3193 
∆Rmax (%) 0.0141 0.0485 0.17 
Rideal_min 0.04781 0.04781 0.04781 
Req_min 0.0482 0.0491 0.0523 




∆Rmin (%) 0.77 2.76 9.4 
FH before compensation (nm) 7.52 6.86 4. 56 
FH after compensation (nm) 7.77 7.82 7.63 
FH compensated, ∆FH (nm) 0.25 0.96 3.07 
 
It has been predicted that the offset in fly-height due to the bandwidth effect of the optical 
filter increases with broader bandwidth. More fly-height should be compensated for 
broader bandwidth. The results in Table 4.1 agree well with this prediction and this gives 





Calibration falloff is one of the sources that contribute error to the fly-height. A 
compensation scheme is proposed and discussed in this chapter to compensate the falloff 
due to the finite bandwidth effect of the optical filter. This scheme works well according 















Method and algorithm to compensate the amount of calibration falloff due to finite 
bandwidth of the optical filter is discussed in chapter 4. Theoretically, it is possible to use 
an optical filter with a narrower bandwidth, which is narrow enough to have the 
calibration falloff ignored. However, in the real scenario, the signal-to-noise ratio (SNR) 
is an important concern. The SNR reduces with the reducing in the bandwidth of the 
optical filter, which increases the difficulty to determine the true maximum and minimum 
intensities and more errors may be introduced in the fly-height measurement. Therefore, 
it is still recommended to use the optical filter with reasonable wide bandwidth (40 nm) 
and meanwhile, compensate for the amount of falloff using the algorithms introduced in 
chapter 4. 
 
It is somewhat depressed that tedious calculation is required to perform the falloff 
compensation. Some methods have been explored to eliminate the need of compensation 
of calibration falloff and they will be discussed in this chapter. 
 




5.1 Fly-Height Measurement using Maximum Intensity  
5.1.1 Motivation of using Maximum Intensity only 
In the traditional fly-height measurement, the maximum, minimum and steady state 
values of light intensity are used to calculate the fly-height. Actually, four types of light 
intensity data can be obtained for every fly-height testing, namely, the maximum, 
minimum, intensity at testing fly-height and the glass disk intensity. The glass disk 
intensity refers to the portion of light that reflected from the glass disk with the slider 
absent. The intensity at testing-fly-height must be used to find the fly-height, as it is a 
function of that fly-height. It is possible to calculate the fly-height by choosing any two 








Figure 5.1 Theoretical interference patterns with and without considering the finite 
bandwidth of the optical filter  
 
It is difficult to tell the difference from ‘BW=0’ and ‘BW=40 nm’ curves (Figure 5.1) as 













































‘delta R (%)’ curve that the calibration falloff is more severe in the first interference 
minimum than that in the first interference maximum. The amount of calibration falloff 
for the interference maximum and minimum is shown in Table 5.1. The falloff in the 
interference maximum is small and negligible. 
 
Table 5.1 Amount of falloff in the interference maximum and minimum 
 Rmax Rmin Rmax-Rmin 
Bandwidth=0 0.31984 0.04781 0.27203 
Bandwidth=40 nm 0.31957 0.05010 0.26948 
∆R 0.00027 0.00229 0.00255 
∆R (%) 0.084 4.564 0.938 
 
The fly-height value for current and future disk drives is in the range of 10 nm and even 
lower. In this range, there is no obvious difference in the reflectance between the 
interference patterns with and without considering the bandwidth effect of the optical 
filter, which means the reflectance calculated with the ideal assumption can still be used. 
It is, therefore, possible to use the maximum intensity and glass disk intensity to calibrate 
the fly-height tester precisely without any falloff compensation. 
 




5.1.2 Experiment Preparation 
The procedure to measure the fly-height is almost the same as that in the traditional fly-
height measurement. However, before the fly-height measurement, some modification is 
necessary to obtain the disk intensity without any disturbance.  
 
In the traditional fly-height measurement, portion of the light transmitted through the 
glass disk is reflected upon the air/slider surface, and the rest will be absorbed by the 
slider. However, the glass disk is transparent, unlike the slider, which is opaque. The 
portion of light under concerned for the disk intensity is only that one reflected from the 
glass disk. However, when the slider is absent, the light transmitted through the glass disk 
will be reflected back to the photodetector when it reaches the base of the spindle. It is 
hard to estimate the amount of this portion of light and include it in the fly-height 
calculation. Therefore, it is desirable to get rid of this portion of light before we obtain 






Figure 5.2 (a) Trace of light rays for traditional fly-height tester; (b) Trace of light rays 















The trace of light rays during the fly-height measurement is shown in Figure 5.2. The 
light ray indicated as a blue line as shown in Figure 5.2(a) is the one needs to be taken 
away. An absorptive type neutral density filter is placed on the base under the glass disk 
as shown in Figure 5.2(b) to get rid of the light reflected from the base. The absorptive 
type neutral density filters are very useful in a number of applications such as attenuators 
for broadband spectral sources. Absorptive type neutral density filters attain their density 
by absorbing light within the substrate. To further eliminate the possibility of any 
unwanted reflected light, absorptive neutral density filters are coated with a visible 
broadband anti-reflection coating. This coating reduces the surface reflection to 
approximately 0.5 %. The basic structure of an absorptive neutral density filter is shown 










Figure 5.3 Basic structure of an absorptive neutral density filter with an anti-reflection 
coating 
 
For any optical system, the ability to gather light at a fixed object distance is determined 
by the numerical aperture (N.A.). The numerical aperture for the optical system used for 
fly-height measurement is small. Due to the angle effect, only small partial of the 0.5% 
Anti-reflection coating works by producing two reflections 
which interfere destructively with each other  










light can go into the lens. Based on our optical setup, the final reflection estimated is only 
about 1/64 of 0.5%, i.e., 0.0078%. Therefore, with the help of the absorptive type neutral 




5.1.3 Experimental Procedure and Result 
The absorptive type neutral density filter should be placed on the base plate of spindle 
motor before obtaining the intensity data. A retract calibration is performed to obtain the 
maximum intensity from the calibration curve. The intensity associated with the steady 
state fly-height is also measured. The optical unit is then positioned to the radius other 
than the fly-height measurement radius and we can record the disk intensity. With the 
three intensities Vmax, Vdisk and V, we can express R as in Eq. (5.1) and then using Eq. 
































FH      (5.2) 
The slider disk spacing is measured along the pitch direction of the slider. The fly-heights 
calculated (using red channel, λ=650 nm) for calibration using the maximum and 
minimum intensities and those calculated for calibration using the maximum and disk 
intensities are shown in Table 5.2.  








Vmax and Vmin 
Calibration using
Vmax and Vdisk 
 
∆FH (nm) 
pt1 27.108 27.998 0.890 
pt2 27.938 28.809 0.871 
pt3 29.400 30.240 0.840 
pt4 32.372 33.154 0.782 
pt5 32.667 33.444 0.777 
pt6 35.494 36.223 0.729 
pt7 37.891 38.584 0.693 
pt8 37.698 38.393 0.695 
pt9 38.099 38.788 0.689 
pt10 39.428 40.099 0.671 
 
 
The effect of calibration falloff is that the fly-height is underestimated. Based on our 
analysis in section 5.1.1, the system calibration should be more accurate when using Vmax 
and Vdisk instead of Vmax and Vmin. Therefore, the fly-height measured using Vmax and Vdisk 
as calibration voltages should give us higher fly-height readings as comparing to that 
using Vmax and Vmin as calibration voltages. As shown in Table 5.2, the fly-heights 
measured using Vmax and Vdisk for system calibration are always higher than those 
measured using Vmax and Vmin for system calibration. This implies that accuracy of fly-
height measurement can be improved without using the minimum intensity for system 
calibration.  
 




5.2 Fly-Height Measurement using Calibration Disk  
5.2.1 Motivation of using a Calibration Disk 
The idea that using the maximum intensity and disk intensity for system calibration 
works well if there is no fringe bunching effect due to the slider pitch/roll during the 
retract calibration process. However, for the negative pressure slider, due to its high pitch 
angle in unloading process (caused by its negative pressure) and the pitch angle increased 
caused by the load/unload actuator during the unload calibration process, the distortion in 
the maximum intensity may become severe and not negligible. Therefore, there still is 
risk of using the maximum intensity for system calibration without any falloff 
compensation. 
 
Theoretically, two intensities other than the intensity at testing fly-height are required to 
calibrate the fly-height tester. The disk intensity has been proved to be useful in the last 
section. If one more intensity is available, we are able to calibrate the system. It comes 
out with an idea that to sputter a calibration layer on the glass disk to obtain the other 
intensity. To ensure the light rays undergo the same trace as that in the fly-height 
measurement, this calibration layer should be on the slider-disk interface side of the 
testing disk. The detailed structure of the calibration disk and the design details will be 
discussed in the next section. 
 




5.2.2 Calibration Disk Preparation 
The calibration disk is also designed for fly-height testing, in addition to the calibration 
purpose to simply the fly-height measurement process. Therefore, the calibration disk is 
designed to have two zones to serve the above mentioned two purposes. The structure of 








Figure 5.4 Basic structure of the calibration disk 
 
Sputtering technique is used to form the calibration layer on the glass disk substrate. The 
glass disk substrates can be those glass disks that are used in traditional fly-height 
measurement. The calibration layer is sputtered on the inner diameter zone of the glass 
disk and this zone is used for system calibration. The slider will be flying at the rest zone 
and this zone is used for fly-height measurement. 
 
The choice of the material for the calibration layer is a main concern. To avoid obvious 
distortion in the disk when it is rotating at high RPM, the calibration layer should be kept 
Top view of the calibration disk Side view of the calibration disk 
Calibration layer
FH testing zone 
System calibration 
zone 




as thin as possible.  Moreover, we do not want the light reflected upon the calibration 
layer/air interface to mix up with the light reflected upon the glass/calibration layer 
interface because if the layer is very thin, these two portions of light will interfere with 
each other. In order to find out the resultant reflectance precisely for the calibration zone, 
both the index of refraction and thickness of the calibration layer are required. To 
simplify the calculation, a high absorption material is therefore desirable. The light 
transmitted through the glass/calibration layer interface will be absorbed inside the 
calibration layer and no light will be reflected back to the glass and only the light 
reflected upon the glass/calibration layer interface needs to be considered. Metallic 
materials are the priority choice for the calibration layer as they have high absorption 
coefficient. Metallic materials are also high reflection materials. If the reflection is too 
high, the photodetector will be saturated. Therefore, not any metallic material is 
desirable. Once the material is decided, the calibration disk can be fabricated as described 
above. 
 
5.2.3 Experimental Procedure and Result 
The experimental setup is exactly the same as the one shown in Figure 5.2 (b) except that 
the glass disk is replaced with the calibration disk. When the slider is flying at the desired 
radius and RPM, the optical unit is positioned to record the intensity at testing fly-height 
V. The disk intensity Vdisk is also recorded by moving the optical unit to the outer 
diameter region where the slider is absent. The calibration intensity Vcal is then obtained 
by moving the optical unit to the calibration zone. With these three intensities, we have 




three equations as shown in Eq 5.3 to 5.5, and the reflectance R can be expressed as Eq. 
5.6.  
CRGV +⋅=           (5.3) 
CRGV diskdisk +⋅=          (5.4) 
CRGV calcal +⋅=          (5.5) 






−−=      (5.6) 
Substituting Eq. (5.6) into Eq. (5.2), we can calculate the fly-height. 
 
The slider disk spacing is also measured along the pitch direction of the slider. The fly-
heights calculated for calibration using the unload calibration and those calculated for 
calibration using the calibration disk are shown in Figure 5.5. The fly-height readings 
obtained from the calibration disk are always higher than those measured using unload 
calibration. Moreover, the trend of the fly-height vs. RPM is almost the same for fly-
height estimated using the unload calibration method and the proposed calibration 
method. Therefore, the fly-height vs. disk rotation speed curves for a positive pressure 
slider and a negative slider shown in Figure 5.5 (a) and Figure 5.5 (b) further prove the 













(a)      (b) 
Figure 5.5 (a) fly-height vs. disk rotation speed for a positive pressure slider;  
(b) fly-height vs. disk rotation speed for a negative pressure slider 
  
 
5.2.4 Limitation of System Calibration using Calibration Disk 
For some experiment, the fly-height measured using the calibration disk is even lower 
than or much different from that measured using unload calibration. Calibration falloff is 
the possible reason. The most probably reason for this difference should be the n, k effect. 
The (n, k) value of slider, (n, k) value of the calibration layer, and the n value of the glass 
disk have to be determined very precisely to measure the fly-height accurately. The error 
in fly-height due to the n, k effect for fly-height measurement using the calibration disk 
and is much different from that using retract calibration. Therefore, the calibration 
method described in this section is to provide an alternative for system calibration other 
than the traditional retract calibration method. The accuracy of the calibration using this 
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The two calibration methods proposed and described in this chapter provide new means 
to calibrate the fly-height testing process more accurately than the traditional retract 
calibration method without any falloff compensation. However, no matter which 
calibration method is used, the accuracy of fly-height measurement still depends much on 
the precision of the n, k values used in the calculation. Therefore, precise determination 
of the indices of refraction, especially the one for the slider appears even more important 























The effect of optical constants on the fly-height measurement has been explained in 
chapter 3. Among all the optical constants, the optical constants of the slider have the 
greatest effect on the fly-height measurement accuracy. Therefore, the detailed structure 
of the slider which determines the optical properties of the slider will be described in the 
chapter. Some mathematic models are proposed to determine the optical constants of the 
slider. A method for in-situ estimation of the optical constants of the slider is also 
proposed. 
 
6.1 Introduction to the Structure of Slider 
 
The standard bulk structure of the slider comprises a composite mixture of aluminum 
oxide (Al2O3) and titanium carbide (TiC). Such standard slider material is also referred to 
as AlTiC slider.  The use of carbon protective overcoat has become common in slider 
fabrication process to improve the friction, wear and lubrication properties of the slider-
disk interface. More often, the coating is diamond like carbon (DLC) over an adhesion 




layer of silicon. These coatings have an important effect on the optical properties of the 
slider. The optical constants of the slider that are used in the fly-height calculation are 
actually the effective optical constants that have considered the effect of all the coatings. 
Figure 6.1 Basic structure of an AlTiC slider 
 
The basic structure of an AlTiC slider is shown in Figure 6.1. The effective constants, neff 
and keff, are measured by an ellipsometer and then used to calculate the fly-height. If 
Al2O3-TiC were homogenous, it would be a straightforward (although not easy) exercise 
to determine the effective optical constants for the coated slider. However, due to the 
random distribution of the TiC grains as shown in the next section, some mathematic 
models must be explored to estimate the optical constants precisely. 
 
6.2 Effect of TiC Grain Distribution on Optical Constants 
6.2.1 TiC Grain Distribution of Slider Substrate 
Under an optical microscope the polished ABS shows grains of brightly reflecting TiC 
embedded in aluminum oxide. Figure 6.2 shows the image of the TiC grains distribution 
in a small area of the top trailing pad. 
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Figure 6.2 Microscope image of a polished Al2O3 –TiC surface  (25 µm x 25 µm). The 
white grains are TiC and the black grains are Al2O3 
 
From Figure 6.2 it is clear that the TiC grains are of random size, shape and separation. 
The TiC grains are typically several micrometers in extent and separation. In fly-height 
testing, the measurement spot is a square of about 25 µm. The assumption that the Al2O3-
TiC surface is smooth and homogeneous is questionable due to the small measurement 
spot size in fly-height testing and the random distribution of the TiC grains just 
mentioned. This random distribution of the TiC grains results in different index of 
refraction n and extinction coefficient k at different measurement points. From the optical 
constants shown in the Table 6.1, one should notice that the resultant extinction 
coefficient of the Al2O3-TiC composite is greatly affected by the TiC grains distribution, 
as the extinction coefficient of Al2O3 is zero.  The n, k values are used in the fly-height 
calculation, so any uncertainty or error in n, k values directly affects the correctness of 








Table 6.1 Optical constants of materials that form the ABS 
 λ=450nm λ=550nm λ=650nm 
 n k n k n k 
Al2O3 1.780 0 1.772 0 1.766 0 
TiC 2.821 2.052 3.0 2.056 3.124 2.102 
Si 4.668 0.077 4.074 0.037 3.848 0.0190 
DLC 2.087 0.279 2.10 0.197 2.096 0.141 
 
The complex refractive index of a composite comprises two or more materials can be 










where A, B ,C, … are the percentage composition of the materials that form the 
composite and A+B+C+…=100%. 
 
Though the linear superposition theory above cannot precisely describe the relationship 
between the resultant n, k values of the Al2O3-TiC composite and the compositions of 
Al2O3 and TiC, it does show that the resultant n, k of the Al2O3-TiC depend on the 





















Figure 6.3 Measurement spot is a square of 25 µm. The n, k values of composite inside 
the measurement spot A, B and C are different due to the different 
distribution and composition of the TiC grains. 
 
It is obvious from Figure 6.3 that the composition of TiC of the area inside spot C is 
higher than that inside spot A. Due to the great difference in extinction coefficient of TiC 
and Al2O3 as shown in Table 1, the complex refractive index of the composite inside spot 
C is quite different from that inside spot A. 
 
The measurement spot of the ellipsometer is of an ellipse shape. The ellipsometer used to 
measure the complex refractive index has a smallest spot size of µm 40  µm 60 × . The 
complex refractive index of the slider pad is measured point by point at every 10 µm 
along a straight line. The selected result is shown in Table 6.2. 




Table 6.2 Complex refractive indices of different points on the slider pad 
 n@450nm n@550nm n@650nm k@450nm k@550nm k@650nm
Point 1 2.2033 2.2323 2.1896 0.5691 0.4956 0.4763 
Point 2 2.1970 2.1990 2.1503 0.4905 0.4124 0.4052 
Point 3 2.2233 2.2466 2.2066 0.5454 0.4862 0.4603 
Point 4 2.2237 2.2271 2.1811 0.5133 0.4281 0.4145 
Point 5 2.2376 2.2492 2.2079 0.5288 0.4634 0.4346 
Point 6 2.2290 2.2281 2.1849 0.5010 0.4285 0.4115 
Point 7 2.2442 2.2536 2.2115 0.5360 0.4561 0.4429 
Point 8 2.2336 2.2537 2.2134 0.5283 0.4738 0.4555 
Point 9 2.2206 2.2286 2.1970 0.4937 0.4376 0.4291 
Point 10 2.2397 2.2441 2.2012 0.5139 0.4487 0.4242 
Average: 2.2252 2.2362 2.1944 0.5220 0.4530 0.4354 
Minimum: 2.1970 2.1990 2.1503 0.4905 0.4124 0.4052 
Maximum: 2.2442 2.2537 2.2134 0.5691 0.4956 0.4763 
Std Dev: 0.0153 0.0168 0.0191 0.0245 0.0271 0.0232 
% Range_std dev: 0.688 0.751 0.870 4.693 5.982 5.328 
% Range_pp: 1.061 1.223 1.438 7.527 9.188 8.157 
 










6.2.2 Variation in Optical Constants for Different Spot Sizes of 
Measurement  
The measurement spot size of the ellipsometer can be adjusted. Five different sizes are 
provided, which are namely 1x, 2x, 3x, 5x and 7x with respect to the smallest size (1x), 
which is an ellipse of 40 µm × 60 µm (2400 µm2). The distribution of the TiC grains is 
uneven, and this results in n, k variation for different measurement locations. Therefore, 
we expect the n, k variation is smaller for larger measurement spot. Table 6.3 shows the 
experiment data for n, k measured with different measurement spot sizes. Both the 
average and standard derivation values for n and k are shown in the table. 
 
Table 6.3 Experiment n, k values for slider pad with different spot sizes of measurement 
 λ=450nm λ=550nm λ=650nm 
Spot size  n k n k n k 
Average 2.2763 0.5660 2.2787 0.4801 2.2253 0.4613
Std dev 0.0259 0.0394 0.0282 0.0313 0.0257 0.0257
 
2x 
(4800 µm2) % Range_std dev 1.138 6.961 1.238 6.519 1.155 5.571 
Average 2.2759 0.5670 2.2784 0.4795 2.2259 0.4584
Std dev 0.0202 0.0276 0.0180 0.0197 0.0172 0.0172
3x 
(7200 µm2) 
% Range_std dev 0.888 4.868 0.790 4.108 0.773 3.752 
Average 2.2766 0.5671 2.2810 0.4801 2.2276 0.4598
Std dev 0.0102 0.0148 0.0095 0.0108 0.0086 0.0096
5x 
(12000 µm2) 
% Range_std dev 0.448 2.610 0.416 2.250 0.386 2.088 




Average 2.2716 0.5670 2.2760 0.4804 2.2220 0.4593
Std dev 0.0085 0.0110 0.0071 0.0087 0.0065 0.0076
7x 
(16800 µm2) 




















Figure 6.4 n, k variations of the slider pad decreases as the measurement spot size 
increases 
 
The variation in n and k decreases as the measurement spot size increases. It is 
appreciated that the average n, k values measured with different spot size of measurement 
do not change much. If we want to find out the average n, k value for a slider pad, we 
may use a large measurement spot, which can shorten the measurement time. 
 
The measurement spot of the ellipsometer is larger than that of the fly-height tester, so it 
is believed that variation in the optical constants from point to point during the fly-height 
measurement is even more severe. Moreover, as the Al2O3-TiC is not a homogeneous 
material, the effective optical constants of this composite change from angle to angle, 
which means the effective optical constants are different at different incident angles. The 




incident angle used in the optical constants measurement is 68˚, and this is different from 
the situation when doing fly-height measurement.  The incident angle is nearly 0˚ in the 
fly-height measurement. Due to these reasons, some methods must be provided to obtain 
the optical constants of the measurement point on the slider instantaneously and some 
algorithms are required to estimate the effective optical constants for an incident angle of 
0˚.  
 
6.3  Algorithms to Determine Effective Optical Constants 
6.3.1 Estimation of n, k using Effective Medium Theory  
A possible physical justification for the n and k model for Al2O3-TiC is effective medium 
theory (EMT). For a particulate composite consisting of two isotropic dielectric media 
with complex relative permittivities εa and εb, respectively, under certain conditions the 
composite can be homogenized, i.e., replaced by a homogeneous dielectric medium with 
the same macroscopic electromagnetic response and a certain effective permittivity. 
Many different formulas have been derived to describe the relationship between the two 
permittivities and lead to an effective permittivity. Among all these formulas, Maxwell 









−++=        (6.1) 
where fa is the percentage composition of material a. 
 




It should be mentioned that there is a relationship between the permittivity of a material 
and its optical constants. The relationship is described in Eq. 6.2. 
( )2kjn ⋅−=ε           (6.2) 











εεεεε       (6.3) 
If the optical constants of the two materials and the percentage composition of one of the 
material is known, we can solve the complex equation Eq.6.3 and find out the effective 
optical constants neff and keff. 
 
This effective medium theory has been successful in describing the optical properties of 
certain fine-grain metal-dielectric composites such as Co-Al2O3 Cermets [31]. 
Unfortunately, the effective medium theory is derived with the assumption that grain 
sizes are far below the wavelength of light. However, the TiC grain sizes are of the order 
of 1 µm while the longest wavelength we used is 0.65 µm, which is even smaller than the 
grain size. Thus, the effective medium theory itself without modifications cannot be used 
to estimate the effective optical constants of the slider. 
 
6.3.2 Estimation of n, k using Effective Complex Reflectivity 
As the grain size is greater than the wavelength used in the fly-height measurement, an 
incident electric field E0 upon a large-grain composite actually sees two distinct 




materials. Some portions of the field reflect from the TiC grains, while other portions 
reflect from the Al2O3. The discontinuous surface features scatter or diffract light into a 
broad range of angles, with a resultant amplitude and phase that depend on the size and 
distribution of the TiC. If the numerical aperture (N.A.) of the imaging optics is low, only 
the light at the specular reflection angle is collected and this results in a coherent 
superposition of the fields reflected from the TiC and the Al2O3.  The effective complex 
reflectivity of the slider r~  is then the weighted sum of the complex reflectivities Ar~  and 
Tr~  for Al2O3 and TiC. The effective complex reflectivity r~ for this case is  
( ) ATTT rfrfr ~1~~ ⋅−+⋅=         (6.4) 
where Tf is the percentage composition of the TiC. 
 
It is important that r~  is a function of the polarization state and the incident angle. 
Though we would like to evaluate the effective n, k of the slider at normal incidence, 
problem occurs at incident angle θ =0º because there is no difference between the 
reflectivity of the two polarization states.  So instead of calculating the effective n, k at 
incident angle θ =0º, one can evaluate the effective n, k at incident angle very near 0º, 
eg., 0.1º. 
 
The ratio between the reflectivity of the p-polarization light and that of the s-polarization 
light is described in Eq. 6.5 




















⋅−+⋅=        (6.5) 
The terms Tsr _~ , Asr _~ , Tpr _~ , Apr _~ are expressed in Eq. 6.6 to 6.11. 
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As sr~  and pr~ can be expressed as Eq. 6.10 and 6.11, the ratio between sr~  and pr~  can be 
also expressed as Eq. 6.12. 
( )( )θθ θθ+−−= sinsin~sr          (6.10) 
( )( )θθ θθ +−= tantan~pr          (6.11) 
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If the composition of TiC is known, we can calculate the ratio between sr~  and pr~  from 







 known, we can find out θ from Eq. 6.12. The effective refractive 




sin~ =effn           (6.13) 
Taking the optical constants for TiC and Al2O3 as shown in Table 6.1, we have the 
effective refractive index as shown in Figure 6.5, which is a function of the percentage 










Figure 6.5 Effective refractive index of the Al2O3-TiC composite is a function of the 
composition of TiC  
 
The effective n, k values determined from the effective complex reflectivity 
approximation are quite closer to the n, k values measured by the ellipsometer. This 
should not be a surprise, as the effective complex reflectivity approximation is derived 
from the equations similar to those used in the ellipsometer. Therefore, this algorithm is 































6.3.3 Modified Algorithm for Effective Optical Constant Determination 
As the slider pad always has Si adhesion layer and the carbon overcoat, we should also 
consider these two layers when derive the effective n, k for the slider. We can still use the 
effective complex reflectivity approximation, but instead of using the weighted sum of 
the complex reflectivities Ar~  and Tr~  for Al2O3 and TiC, we should use the weighted sum 
of the complex reflectivities Az~  and Tz~ , which have considered the effect of Si adhesion 
layer and the carbon overcoat. 
 
For the structure of the slider as shown below, we can separate the slider into two parts 
and so do the light interference. Some light will only see the DLC-Si-Al2O3 structure A 
and the rest will see the DLC-Si-TiC structure B. 
 
Figure 6.6 The slider can be separated into two parts when considering the reflectivity 
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( )SiSiSiTASi nhrrz ~,,,,'~ /A/T θΓ=         (6.15) 
( )DLCDLCDLCDLC nhzrz ~,,,'~,~ A/TA/T θΓ=        (6.16) 
 
Assuming the Si adhesion layer is 1 nm and the DLC overcoat is 3 nm, we have the 














Figure 6.7 Effective n, k of the slider with Si adhesion layer and DLC overcoat 
 
6.4 In-Situ Estimation of Optical Constants of Slider 
6.4.1 Principle Explanation 
The equations derived in the above sections can be only applied when the composition of 
the TiC grains is known. There are two ways to determine the composition of the TiC 
grains. One is to estimate the composition from the microscopy image. The picture in 

























Al2O3. By sectioning the image according to brightness, it should be possible to estimate 
the percentage composition of the TiC. However, it turns out that an independent 
microscope measurement is more subjective than would be desirable, because the 
intensity distribution is not binary. There are shades of gray around each TiC grain, and it 
is difficult to establish an objective cutoff level for counting statistics. Therefore, the 
other method may be more reliable.  The other method is to find out the reflectance of the 
slider for a specific measurement point, which is related to the composition of the TiC 
grains. The reflectance is different for different optical constants, and the optical 
constants are different for different compositions of TiC. Therefore, we can estimate the 
composition of TiC from the reflectance. Once the reflectance is known, we will be able 
to find out the effective refractive index from the effective complex reflectivity algorithm 
mentioned above. 
 
The problem now is how to determine the reflectance of the slider. The unload calibration 
method is still the choice to determine the reflectance of the slider. The idea to determine 
the reflectance of the slider depends on the two equations below.  
CRGV +⋅= maxmax          (6.17) 
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Figure 6.8 A specific reflectance of the slider is corresponding to one pair of n, k 
 
The term G includes the gain of the photodetector, the reflectance due to the optical 
components and the incident light intensity. The term C can be used as a compensation 
for the incomplete expression of the reflectance due to the light from the background and 
the optical components. For a stable optical system, once the system is fixed, the terms G 
and C would not change much, and at least they should remain within the fly-height 
testing period. Rmax and Rmin are functions of the reflectance of the disk/air interface r and 
the reflectance of the air/slider interface s . If either G or C in Eq. 6.17 and 6.18 is 
















































A calibration slider is utilized to provide more equations to determine the term G. Let’s 
use notations Rrmax and Rrmin for the maximum and minimum reflectances for the 
calibration using the slider with known n and k. As the n and k of the reference slider are 
known, Rrmax and Rrmin are also known values. One can obtain the term G as shown in Eq. 
6.21 
( ) ( )   G minmaxminmax rrrr RRVV −−=        (6.21) 
 


















++=−       (6.22) 
Substituting Eq. 6.21 into 6.22, we can solve Eq.6.22 for |s|. Once |s| is known, we can 
estimate the effective refractive index, neff and keff, from Figure 6.7. 
 
6.4.2 Fabrication of Calibration Slider 
To minimize the effect of grain distribution of the slider, a high optical absorption 
metallic layer is deposited on a normal AlTiC slider to cover the AlTiC material. To 
improve the lubrication properties of the slider-disk interface, a DLC overcoat is 
deposited on the metallic layer. The n, k values on the calibration slider pad were 
measured using ellipsometer, and they are shown in the table below. 
 




Table 6.4 Optical constants of calibration slider 
Parameters n@450nm n@550nm n@650nm k@450nm k@550nm k@650nm
Pt1 1.9515 2.7149 3.3464 3.7818 4.3494 4.6355 
Pt2 1.9515 2.7147 3.3463 3.7837 4.3509 4.6384 
Pt3 1.9528 2.7160 3.3480 3.7831 4.3506 4.6368 
Pt4 1.9531 2.7163 3.3488 3.7840 4.3521 4.6404 
Pt5 1.9538 2.7170 3.3485 3.7841 4.3517 4.6381 
Pt6 1.9533 2.7169 3.3499 3.7859 4.3529 4.6401 
Pt7 1.9543 2.7179 3.3502 3.7852 4.3523 4.6396 
Pt8 1.9542 2.7185 3.3511 3.7854 4.3523 4.6391 
Average: 1.9531 2.7165 3.3486 3.7842 4.3515 4.6385 
Minimum: 1.9515 2.7147 3.3463 3.7818 4.3494 4.6355 
Maximum: 1.9543 2.7185 3.3511 3.7859 4.3529 4.6404 
Std Dev: 0.00108 0.00133 0.00171 0.00134 0.00113 0.00169 
% Range_std dev 0.0551 0.0489 0.0511 0.0353 0.0261 0.0364 
% Range_pp: 0.0712 0.0696 0.0709 0.0536 0.0399 0.0534 
 
The percentage range values for this calibration slider are much smaller than the values 
for the normal AlTiC slider, which is about 2% for n and 10% for k. Therefore, this kind 
of sliders can be used as a calibration slider to determine |s| of the testing slider. 
 




6.4.3 Experimental Procedures 
The procedures of the experiment to in-situ determine the optical constants of the testing 
slider are stated below. 
1. Prepare a calibration slider with uniform complex refractive index nr-jkr. This 
slider is used to calibrate the fly-height tester. The subscript ‘r’ is used to indicate 
the fact that this slider is used as a reference slider. If both the nr and kr are the 
same for every point on the slider, the reflectance is also the same so any point on 
the slider pad can be used to do the calibration.  
2. Measure the complex refractive index nr-jkr of the calibration slider to find out its 
reflectance.  
3. Perform the unload- or RPM-calibration using the calibration slider to obtain the 
maximum and minimum voltages Vrmax and Vrmin that correspond to the 
interference maximum and minimum. With the reflectance of the calibration 
slider obtained at step 2 and the reflectance of the glass disk, one can find out the 
overall gain of the fly-height tester. The overall gain G can be expressed as Eq. 
6.21. 
4. Perform the unload calibration using the measurement slider whose fly-height is 
going to be estimated. Using both the maximum and minimum voltages Vmax and 
Vmin for the measurement slider and together with the fly-height tester gain 
obtained in step 3, one can able to solve the problem for the reflectance of the 
measurement slider. 




5. Determine the effective refractive index from Figure 6.7. 
 
6.4.4 Experimental Result and Discussion 
A slider with 100-nm CrRu and 3-nm DLC overcoats is used as the calibration slider. 
Due to the high reflectivity of the calibration slider, the input intensity of the fly-height 
tester is reduced to about half of its maximum value. The n, k for the calibration slider is 
measured using an ellipsometer to find out its reflectance. The n, k for the testing slider is 
also measured to calculate its reflectance, which will be used to compare with the 
reflectance estimated using the calibration slider. 
 
Table 6.5 Experimental Data for |s| determination 
 λ=450 nm λ=550 nm λ=650 nm 
Data from Ellipsometer 
n for calibration slider 1.842 2.562 3.148 
k for calibration slider 3.63 4.184 4.465 
|s| for calibration slider 0.8083 0.8128 0.8130 
n for testing slider 2.208 2.211 2.161 
k for testing slider 0.54 0.457 0.435 
|s| for testing slider 0.4067 0.3991 0.3886 
Data from DFHT 
Imax for calibration slider 3359 3774 3430 
Imin for calibration slider 2506 2812 2528 
Imax for testing slider 1610 1757 1538 
Imin for testing slider 694 729 590 




|s| for testing slider 
calculated from 
calibration slider  
0.3625 0.3527 0.3438 
Reflectance comparison 
Discrepancy for |s|2 
between the n-k model 













It is quite surprise to see that the difference between the reflectance for the testing slider 
estimated using the calibration slider is more than 20% different from that calculated 
using the n, k values from the ellipsometer. Calibration falloff may be one of the reasons 
that contribute to this discrepancy. The other reason may lies in the ellipsometer itself. 
The ellipsometer itself does not count for the amount of light intensity due to scattering. 
However, there is strong light scattering for the slider as it is an inhomogeous substance. 
In Ref.32, an experiment is set up to measure the reflectance of the slider. It reports that 
there is about 20% difference between the reflectance measured directly and that obtained 
using n-and-k model prediction. If the light scattering for the calibration slider is not so 
strong and the n, k measured are correct, the results shown in Table 6.5 agree well with 
the results reported in Ref. 32. 
 
The fly-heights for the testing slider along the roll direction in a step of 10 µm are 
measured. Calibration is performed at every measurement point on the slider. The 




reflectance of the slider is then calculated using the calibration slider. The experimental 
and calculated results are shown in Table 6.6. 
 
Table 6.6 Intensity data and calculated optical constants 
  pt5 pt4 pt3 pt2 pt1 
Vmax 1717 1723 1762 1771 1781 
Vmin 706 706 727 733 742 
Vmax-Vmin 1011 1017 1035 1038 1039 
|s| 0.3389 0.3416 0.3497 0.351 0.3515 
n 2.0046 2.0150 2.0462 2.0514 2.054 
Blue 
Channel 
k 0.1765 0.1857 0.2142 0.2190 0.2215 
 
Vmax 1871 1878 1920 1931 1942 
Vmin 739 741 763 770 778 
Vmax-Vmin 1132 1137 1157 1161 1164 
|s| 0.3433 0.3453 0.3535 0.3552 0.3564 
n 2.0245 2.0328 2.0661 2.0716 2.0772 
Green 
Channel 
k 0.1794 0.1860 0.2134 0.2181 0.2228 
Vmax 1611 1620 1656 1664 1671 
Vmin 593 596 613 620 627 
Vmax-Vmin 1018 1024 1043 1044 1044 
|s| 0.333 0.3356 0.3438 0.3443 0.3443 
n 1.9856 1.9955 2.0285 2.0299 2.0299 
Red 
Channel 
k 0.1440 0.1513 0.1758 0.1769 0.1769 
 
 




The n and k in Table 6.6 are obtained based on the assumption that the effect of the Si 
layer and DLC layer at the effective n, k for the slider are negligible. Based on the 
effective n, k for every point, we have the fly-height data in Table 6.7. 
 
Table 6.7 FH data for fly-height measured using different methods 
  pt5 pt4 pt3 pt2 pt1 
FH--cal. Slider (nm) 26.050 26.507 27.252 27.691 27.876
FH--on-spot cal. (nm) 20.762 21.389 22.646 23.164 23.389
Blue 
(λ=450nm) 
FH--point substitution cal. (nm) 20.762 22.646 24.644 25.653 26.550
FH--cal. Slider (nm) 26.380 26.780 27.489 27.945 28.039
FH--on-spot cal. (nm) 21.394 21.934 23.209 23.753 23.941
Green 
(λ=550nm) 
FH--point substitution cal. (nm) 21.394 22.194 25.716 26.907 27.810
FH--cal. Slider (nm) 28.028 28.27 29.286 29.782 29.794
FH--on-spot cal. (nm) 21.184 21.626 23.281 23.797 23.809
Red 
(λ=650nm) 
FH--point substitution cal. (nm) 21.184 22.124 26.21 27.562 28.397
Note:  
1) FH--cal. Slider: fly-height measurement is based on on-spot calibration and the n, k of the 
measurement point are adjusted according to its reflectance obtained with the help of a 
calibration slider 
2) FH--on-spot cal.: fly-height measurement is based on on-spot calibration and the n, k of 
the slider used in the calculation is the average n, k value of the slider from the 
ellipsometer 
3) FH--point substitution cal.: fly-height measurement is based on point substitution 
calibration and the n, k of the slider used in the calculation are the average n, k values of 
the slider from the ellipsometer 




Figure 6.9  Fly-heights along the roll direction, in a step of 10 µm 
 
The reflectance calculated is about 0.35 and it is much smaller than the value estimated 
from the ellipsometer, which is about 0.41. Therefore, the n, k calculated based on the 
reflectance of the measurement point are very different from the n, k measured using the 
ellipsometer.  The fly-heights measured with the n, k adjustment therefore are very 
different from the fly-heights measured with the n, k values from the ellipsometer. 
Though the fly-heights are quite different for fly-heights calculated using n, k from 
ellipsometer and those estimated from the calibration slider. The trends in Figure 6.9 and 
Figure 6.10 indicate that the fly-height accuracy is improved among the roll direction, as 
the fly-height variation is smaller for the fly-height calculated using the n, k estimated 
from the calibration slider. 
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Figure 6.10 Fly-height readings along the roll direction, in a step of 10 µm 
 
6.5 Solution for Point Substitution 
 
The trend shown in Figure 6.10 proves that on-spot calibration together with the (n, k) 
adjustment definitely can improve the accuracy of fly-height measurement. However, if 
point substitution calibration is performed, even with the (n, k) adjustment for the 
calibration point, it is very hard to say if the fly-height accuracy has been improved. This 
is because we can only ensure the accuracy of the n, k for the calibration point and we 
cannot ensure that for the measurement point.  
 
To enlarge the measurement spot is a possible solution for the point substitution. 
However, an increase in the spot size results in more severe falloff. Moreover, the size of 
the slider pad is so small that a large measurement spot is not desirable. Therefore, the 
‘pseudo-large-spot’ method is desirable to produce a larger effective measurement spot. 





Figure 6.11 Illustration of the concept of pseudo-large spots 
 
The measurement spot size shown in Figure 6.11 is 25 µm x 25 µm. It is desirable to use 
the current measurement spot size, and measure the intensities of the point of interest and 
its neighboring points. The average intensity value for these points is then used to 
calculate the fly-height of the point under interested. It is equivalent to enlarge the 
measurement spot size by doing this. The name ‘pseudo-large-spot’ is given to describe 
this measurement process. Pseudo-large-spot should be also applied for the calibration 
process to minimize the effect of variation of the optical constants due to the TiC grain 
distribution. The result shown in Figure 6.12 proves the feasibility of this pseudo-large-
spot method to reduce the error in the fly-height measurement. The fly-heights of the 
slider along the roll direction are measured in step of 10 µm. Due to the roll angle of the 
slider, the fly-heights should increase from the left to the right. The trend in Figure 6.12 
is clear, however, there is a great fly-height fluctuation along the roll direction, and it is 
believed that this trend is due to the variation in the n, k for different measurement spots. 
 











Figure 6.12 Error in fly-height is reduced with pseudo-large-spot. 2 neighboring points 
side-by-side with the point under interested are selected to form a pseudo-




The granular structure of the slider is discussed to disclose the fact that the effective 
refractive index of the slider is different for different measurement spots. Some 
algorithms are proposed to determine the effective refractive index of the slider based on 
the percentage compositions of the materials that form the slider. The effective medium 
theory, which is making use of the Maxwell Garnett formula, and the effective complex 
reflectivity are discussed in details to show the feasibilities of these algorithms. A 
modified algorithm is also provided to consider the effect of the Si adhesion layer and the 
DLC overcoat.  The method for in-situ determination of the effective optical constants of 
the slider is proposed. The experimental results confirm the feasibility of this method. 
However, the method for in-situ determination of the effective optical constants works 
well only for on-spot calibration. For the fly-height measurement using point-
substitution, the other method called ‘pseudo-large-spot’ should be applied to reduce the 
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The research and development efforts of hard disk drives will continue to be aimed at 
achieving higher areal density by continuously reducing the head-disk spacing. Currently 
technology allows for 8-10 nm head disk spacing in high-end commercial disk drives. As 
the areal density approaches 1 Tb/in2, the head-disk spacing is projected to be lower than 
3 nm. In such a low fly-height region, it becomes more and more important to achieve 
high accuracy of fly-height measurement.  
 
After detailed review and analysis of possible fly-height testing technologies, even 
though the three-wavelength intensity interferometry is found to be the most mature and 
promising technology for current and recent futures, this type of fly-height tester still 
cannot provide enough accuracy of measurement in the current low fly-height region (fly-
height <10 nm).  The open literature lacks a thorough, quantitative discussion of the 
different sources of error that affect its measurement. Therefore, in this work, effort has 
been put into studying the sources of error in the fly-height measurement and exploring 
methodologies to reduce the error. 
  




Proper and accurate calibration has found to be a big challenge for accurate fly-height 
measurement. Calibration falloffs due to the finite bandwidth of the optical filer, the 
frequency response of the photodetector and the pitch/roll of the slider during the unload 
calibration process are the main sources of error. It is suggested to replace the low 
bandwidth photodetector with a high bandwidth one to reduce the error in the fly-height 
due to the frequency response of the photodetector.  The inaccurate determination in the 
refractive index of the slider is the other source that induces great error in the fly-height 
measurement. Quantitative analysis was performed to evaluate the errors in the fly-height 
measurement. 
 
The principle limitation of the three-wavelength intensity interferometry, which is the 
calibration falloff due to the finite bandwidth of the optical filter, has great effect on the 
accuracy of fly-height measurement. Simulation results show that a broader optical filter 
will cause more severe calibration falloff and therefore affect the accuracy of both 
calibration and fly-height measurement.  An algorithm, which considers the effects from 
the spectrum of the light source, the transmission spectrum of the optical filter and the 
responsivity of the photodetector, is propsed to compensate for the error in the fly-height 
due to the calibration falloff. The results show that this algorithm works well to improve 
the accuracy of fly-height measurement.   
 
Two schemes are proposed to reduce the error in the fly-height due to the bandwidth 
effect of the optical filter. In the fly-height measurement, the maximum and minimum 




intensities are required to calibrate the fly-height tester and it is these two intensity data 
that lead to calibration error. We noticed that the use of the minimum intensity data 
induces more error in the fly-height measurement than the maximum intensity data does, 
so in the first scheme, the disk intensity and the maximum intensity are utilized to 
calibrate the fly-height tester.  To eliminate the falloff effect from the unload calibration, 
a calibration disk is designed and fabricated to provide a calibration means for the fly-
height tester. Experimental results show these two schemes work well. 
 
No matter which calibration method is used, the accuracy of fly-height measurement still 
depends much on the precision of the n, k values used in the calculation. Therefore, 
precise determination of the indices of refraction, especially the one for the slider appears 
even more important than ever for the ultra-low fly-height measurement. However, due to 
the granular structure of the slider, off-site determination of the refractive index of the 
slider is not enough to produce accurate fly-height measurement. Some algorithms are 
proposed to on-spot determine the refractive index of the slider based on the percentage 
composition of the TiC grains. The method for in-situ determination of the effective 
optical constants of the slider using on-spot calibration is proposed. The experimental 
results confirm the feasibility of this method.  For the fly-height measurement using 








The error in the fly-height measurement bandwidth effect of the optical filter can be 
estimated quite accurately as discussed in the work. The error in the fly-height 
measurement due to fringe bunching effect can be also estimated (though not easily) with 
some means to monitoring the unloading process. If the change of slider pitch/roll during 
the unload calibration process is known, similar compensation scheme as the one used to 
compensate the falloff due to bandwidth effect of optical filters can be utilized to reduce 
the error in the calibration, and thus fly-height measurement.  The error in the n, k of the 
slider will be the remained main source of error in fly-height measurement. Therefore, 
the author believes that the precise determination of n, k is the very key to improve the 
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